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ABSTRACT.
An i n v e s t i g a t i o n  has been  c a r r i e d  o u t 5 on 
a p i l o t  p la n t  s c a l e 3 i n t o  th e  f a c t o r s  a f f e c t i n g  th e  
hydrodyn am ic b e h a v io u r  * mass t r a n s f e r  e f f i c i e n c y , l i q u i d  
and gas r e s id e n c e  t im e s  d i s t r i b u t i o n  f u n c t io n s  and th e  
e x te n t  o f  f l u i d  m ix in g  i n  a two s ie v e  p la t e  a i r -w a t e r  
d i s t i l l a t i o n  colum n s im u la t o r .
The h ydrodyn am ic b e h a v io u r  was i n v e s t ig a t e d  
as a f u n c t io n  o f  th e  colum n o p e r a t in g  c o n d i t i o n s  and 
w h erev er  p o s s i b l e  th e  r e s u l t s  have been  r e p o r t e d  as 
c o r r e l a t i o n  e q u a t io n  s u i t a b l e  f o r  d e s ig n  p u r p o s e s .
The a ir -a q u e o u s  g ly c e r o l - o x y g e n  system  was 
ch o se n  f o r  th e  mass t r a n s f e r  s tu d y  b e ca u se  th e  low  
s o l u b i l i t y  o f  oxygen  in  g l y c e r o l  s o lu t i o n s  means th a t  th e  
mass t r a n s f e r  may be r e g a r d e d  as b e in g  c o n t r o l l e d  by th e  
l i q u i d  f i l m .  An a c c u r a t e  co n t in u o u s  sam ple and a n a ly s is  
te c h n iq u e  was em ployed  and th e  e f f i c i e n c y  o f  b o th  th e  
t r a y  a lo n e  and th e  t r a y  p lu s  downcom er was m easu red .
The l i q u i d  p h ase  r e s id e n c e  tim e  d i s t r i b u t i o n  
fu n c t io n s  w ere m easured u s in g  an im p roved  dye i n j e c t i o n  
and p h o t o c e l l  d e t e c t i o n  t e c h n iq u e .  The d e g re e  o f  m ix in g  
was d e te rm in e d  u s in g  th e  v a r ia n c e  o f  th e  r e s id e n c e  tim e
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d i s t r i b u t i o n  fu n c t io n  and th e  eddy d i f f u s i o n  m o d e l. The 
r e s id e n c e  tim e and d e g r e e  o f  l i q u i d  m ix in g  w ere in v e s t ig a t e d  
as fu n c t io n s  o f  th e  colum n o p e r a t in g  c o n d i t i o n s .
The gas p h ase  r e s id e n c e  tim e d i s t r i b u t i o n  
fu n c t io n s  w ere m easured u s in g  an eth an e  t r a c e r  w ith  a 
d o u b le  sam ple i n f r a - r e d  d e t e c t i o n .  The d e g r e e  o f  m ix in g  
was in t e r p r e t e d  u s in g  an eddy d i f f u s i o n  m odel and th e  
P e c le t  number was s u c c e s s f u l l y  c o r r e la t e d  w ith  th e  
l i q u i d  momentum.
The mass t r a n s f e r  e f f i c i e n c y  has b een  s u c c e s s f u l l y  
r e l a t e d  t o  th e  h ydrodyn am ic b e h a v io u r a th e  l i q u i d  r e s id e n c e  
tim e and th e  e x t e n t  o f  l i q u i d  m ix in g  on th e  t r a y .  The 
l i q u i d  momentum has b een  shown t o  be th e  m a jor  v a r ia b le  
a f f e c t i n g  th e  d e g r e e  o f  m ix in g  in  b o th  th e  gas and l i q u i d  
p h a s e s .
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The design o f even the s im p le st type o f 
d i s t i l l a t io n  column i s  a d i f f i c u l t  and im p rec ise  ta s k . 
Considerab le  re se a rch  e f fo r t  has been expended in  the p ast 
in  an attempt to improve the design techn ique but attem pts 
to t r a n s la te  the r e s u lt s  o f sm a ll s c a le  equipment to la rg e  
s c a le  design have been o f doub tfu l v a l id i t y  because o f the 
complex natu re  o f the system . R e su lts  from experim enta l 
s tu d ie s  o f p i lo t  p la n ts  tend to some e x te n t , to m inim ise the 
r i s k s  in vo lve d  during  s c a le  up e s p e c ia l ly  because s tu d ie s  o f 
f u l l  s c a le  in d u s t r ia l  equipment in  f u l l  p roduction  are not 
re a d ily  c a r r ie d  o u t.
The p resen t in v e s t ig a t io n s  are concerned w ith  the 
hydrodynamic and mass t r a n s fe r  behaviour o f s ie v e  t ra y s  and 
t h e i r  a sso c ia te d  downcomers in  p i lo t  p la n t s c a le  equipment. 
Cost and la b o ra to ry  co n d it io n s  p ro h ib ite d  the use o f an 
a c tu a l d i s t i l l a t io n  column so an a ir -w a te r  s im u la to r was used. 
The dimensions o f the equipment were such however th a t the 
r e s u lt s  could be u s e fu l ly  employed fo r  f u l l  s c a le  design 
o p e ra t io n s .
The mass t r a n s fe r  o ccu rr in g  on d i s t i l l a t io n  t ra y s  
and in  the a sso c ia te d  downcomers i s  dependent on the p h y s ic a l 
p ro p e rt ie s  o f the liq u id -g a s  system , the geometry o f the 
equipment and the hydrodynamic c o n d it io n s . The gas and 
l iq u id  phase res id en ce  tim e d is t r ib u t io n s  under aerated  
co n d itio n s  fundam entally a f fe c t  the mass t r a n s fe r  ra te s  and 
the e f f ic ie n c y  o f se p a ra t io n , A knowledge o f the exten t to 
which the gas and l iq u id  are mixed on the t r a y  i s  necessa ry  
fo r  an in te rp re ta t io n  o f the t r a n s fe r  p ro ce ss .
-  1 6  -
CHAPTER 1
INTRODUCTION
-  17 -
The p resent study i s  devoted to an exam ination o f 
the hydrodynamic p ro p e rt ie s  o f the system w ith  and w ithout 
mass t r a n s fe r  and to the in t e r - r e la t io n s h ip  o f the e f f ic ie n c y  
o f the mass t r a n s fe r  and the degree o f l iq u id  and a i r  phase 
m ix ing .
-  1 8
SURVEY OF PREVIOUS INVESTIGATIONS.
2 . 1 .  HYDRODYNAMIC STUDIES OF SIEVE TRAYS.
Many w orkers have c a r r ie d  out s tu d ie s  on va r io u s  
types of bubble t ra y s  and a g reat dea l o f experim en ta l 
in fo rm atio n  has been p u b lish e d .
2 . 1 . 1 .  Dry P la te  P ressu re  Drop.
Many w orkers have in v e s t ig a te d  the p ressu re  drop 
due to the vapour flo w  through the p e rfo ra t io n s  o f s ie v e  
t r a y s .  M ayfie ld  e t . a l .  (1 ) used an o r i f i c e  model to  
c o r re la te  the dry p la te  p ressu re  drop w ith  the vo lu m etric  
a i r  flo w  through the p e r fo ra t io n s . The range o f ho le 
diam eters s tu d ie d 9 was from J ” to  and an average 
d ischarg e  c o e f f ic ie n t  o f O. 85  was recorded fo r  a sm all 
d iam eter ( 6n) t r a y .  For a 6 .5  foot d iam eter t r a y  o r i f i c e  
c o e f f ic ie n t s  between 0 . 6 8  and 0 . 8 5  were rep o rte d .
Arnold e t . a l .  (2)  used a s im p lif ie d  o r i f i c e  
equation of the form
vo = CD /2g hDP 2 , 1
where vQ - l in e a r  v e lo c it y  o f a i r  through t ra y  p e rfo ra t io n s
0  ^ - d isch arg e  c o e f f ic ie n t
hDp“ dry p la te  p re ssu re  drop
These workers rep o rted  d isch arg e  c o e f f ic ie n t s  in  the 
range 0 . 5 5  to  O .8 5 .
CHAPTER 2.
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Hunt e t . a l .  (3)  proposed th a t the dry p la te  
p ressu re  drop would be equal to  the sum o f the in le t  
and o u t le t  lo sse s  o f the a i r  through the p e r fo ra t io n s . 
T h e ir  f i n a l  c o r re la t io n  was
hDP = 1 ,14  V
2 k
0 .4  1 .25 - A + 1
AT
A 2 o
V
2 . 2
where AQ - t o t a l  a rea  o f p e rfo ra t io n s
A - a rea  o f column a v a ila b le  fo r  gas f lo w .4
The c o r re la t io n  f i t t e d  the experim enta l r e s u lt s  w e ll as long 
as the th ick n e ss  to  ho le  d iam eter r a t io  was 0 . 9  or g re a te r .
Ko lodzie  and Van W inkle (4 ) c o rre la te d  the 
o r i f i c e  c o e f f ic ie n t  w ith  Reynolds number5 th ic k n e ss  
to  diam eter r a t io  and the p itc h  to hole ..diameter r a t io .  
The range o f Reynolds numbers used was 2000 to  205000 
and hole d iam eters from 1/16 ,! to  £ft. The c o r re la t io n s  
were te ste d  a g a in s t data pub lished  by p rev io u s w o rke rs .
M c A ll is te r  e t . a l .  (5)  m odified the approach 
o f Hunt e t . a l .  (3)  by in c lu d in g  a term fo r  the f r i c t io n a l  
lo s s  as the vapour passes through the p e r fo ra t io n s .
Other w orkers ( 6 , 7$ 8 , 9 , 105 11 , 123 13 , 14) 
have used the o r i f i c e  model and have reported  d ischarg e  
c o e f f ic ie n t s  in  the range 0 . 6  to  0 . 9 .
2 . 1 . 2 .  T o ta l P re ssu re  Drop.
The t o t a l  pressure drop i s  considered to be the
-  2 0  -
d if fe re n c e  in  p ressu re  between the vapour spaces above 
and below the t r a y  under o p erating  c o n d it io n s . M ayfie ld  
e t . a l .  ( 1 ) d id  e x te n s iv e  work on a 6 . 5  fo o t d iam eter 
t r a y  using  an a ir -w a te r  system and found th a t the t o t a l  
p ressu re  drop v a r ie d  w ith  w e ir h e ig h t , l iq u id  r a t e ,  a i r  
ra te  and hole d iam ete r. They e s ta b lish e d  th a t the l iq u id  
on the t ra y  d id  not a f f e c t  the dry p la te  o r i f i c e  c o e f f ic ie n t  
and proposed an a d d it iv e  model fo r  s ie ve  tray p ressu re  drop
hjp — 2 . 3
where hm - t o t a l  p re ssu re  drop
hp - head lo s s  through fro th in g  l iq u id .
T h e ir  experim enta l r e s u lt s  however showed th a t the t o t a l  
p re ssu re  drop was alw ays g re a te r than the sum o f the dry 
p la te  p ressu re  drop and the head lo s s  through the fro th in g  
l iq u id .  T h is  d isc rep an cy  was about 0 .2  in ch es o f w ater 
which they considered to  be experim enta l e r r o r .
Arnold e t . a l .  (2)  reported  th a t the t o t a l  p ressu re  
drop in creased  w ith  in c re a se s  in  gas r a t e ,  l iq u id  ra te  
and w e ir h e ig h t . They repo rted  th a t over the s ta b le  
op erating  range the q u a n tity  (h^ - So) ,  where SQ i s  the 
e q u iva le n t l iq u id  s e a l ,  was c o n s is te n t ly  15% h ig h er than 
the e xp e rim e n ta lly  obtained dry p la te  p ressu re  drop.
They concluded th a t t h is  m is-match was due to a lo s s  o f 
p ressu re  because o f bubble fo rm ation  and to tu rb u len ce  
in  the fro th in g  m ixtu re  flo w in g  acro ss  the t i& y .
-  21 -
Hunt e t . a l .  (3)  proposed the r e la t io n s h ip
Hip — bj-jp + hp  + hp  2 . 4
where h^ - re s id u a l p re ssu re  drop ("H^O).
The authors found th a t hR c o rre la te d  q u ite  
w e ll  w ith  the square o f the v e lo c it y  through the p e r fo ra t io n s . 
They a lso  concluded th a t the hole spacing has some a f f e c t .
They showed th a t the su rfa ce  ten s io n  of the l iq u id  had 
l i t t l e  a f fe c t  on h^ and th a t  fo r  a range o f g ly c e r in e  
w ater so lu t io n s  h  ^ was approxim ate ly constant at 0 . 2  inches 
of w a te r.
M c A ll is te r  e t . a l .  (5)  in v e s t ig a te d  the e f fe c t  
o f the p la te  th ic k n e ss  to ho le diam eter r a t io  on h^.
Foss and G e rs te r ( 6 ) have reported  re s id u a l 
p ressu re  drops up to 25 '/ o f the t o t a l  p re ssu re  drop.
They concluded th a t the re s id u a l p ressu re  drop was due 
to the com plicated dynamic behaviour o f the l iq u id  in  
the v i c in i t y  o f the form ing bubbles.
Other w orkers (5 a 9 , 10 , 11 , 12 , 13 , 14 , 15s 16) 
have repo rted  t o t a l  and re s id u a l p ressu re  drop data which 
support the work o f e a r l i e r  in v e s t ig a t io n s .
Bernard and Sargent (17) c a r r ie d  out work under 
a c tu a l d i s t i l l a t io n  co n d it io n s  and showed th a t the t o t a l  
p ressu re  drop le v e l le d  out at ho le v e lo c i t ie s ,  g re a te r  
than 60 fe e t  per second.
-  2 2  -
Campbell (18)  c o rre la te d  the t o t a l  p ressu re  drop 
w ith  l iq u id  ra te ., w e ir  he ight and an a i r  k in e t ic  energy 
fa c to r
hT = 1 .3 2 F A2 + 0 .0218L + 0.62W + hR 2 .5
where F^ - k in e t ic  energy fa c to r  ( lb / f t  s e c 2 ) 2 
L - l iq u id  ra te  (g a ll/m in )
W " w e ir  he igh t ( in c h e s )
H a r r is  and Roper (13) c o rre la te d  data from an a i r  w ater 
system in  the form
hT = 0.65+0.58W +0.03L-0.28W F+1.43FA2 2 .6
where W - w e ir he igh t ( in c h e s )
L - l iq u id  ra te  (U .S .  g a ll/m in  per foot w e ir )
. iF - F - fa c to r  ( l b / f t  sec ) a
2 . 1 . 3 .  F ro th  H e ig h t.
The f ro th  he ig h t i s  considered to  be the 
he ig h t above the t r a y  f lo o r  o f the fro th in g  mass o f l iq u id  
and gas on the t r a y .  Foss and G e rs te r ( 6 ) considered 
the f ro th  he ight to  be a fundamental v a r ia b le  in  mass 
t r a n s fe r  work on d i s t i l l a t io n  t r a y s .  Together w ith  
G e rs te r e t . a l .  (19 ) and G ilb e r t  (20) these authors reported  
th a t f ro th  he igh t in creased  w ith  in c re a se s  in  the l iq u id  
ra te ,, vapour ra te  and w e ir he ig h t although none o f these 
w orkers o ffe re d  any c o r re la t io n s  of t h e i r  r e s u l t s .
~ 23 -
Other workers ( 2 1 a 22) have reported  the same so rt  o f tre q d s .
The A . I . C h . E .  Bubble T ray  Design Manual (23)
in  re p o rt in g  a study on a cyclohexane-n-heptane system
recommended the fo llo w in g  c o r re la t io n  equation which 
g ive s  the fro th  he ig h t as a fu n c tio n  o f an F - fa c to r  and 
w e ir h e ig h t .
Z*. = 2 . 53F 2 + 1 . 86W - 1 . 6  2 .7
X
where F - F - fa c to r  based on bubbling a re a .
The U n iv e r s it y  o f Delaware F in a l  Report (24) 
g ive s  f ro th  he ig h t data fo r  an a ir -w a te r  system . The 
experim enta l r e s u lt s  are  c o rre la te d  by the equation
Zf  = 3.24F + 0.?4W + 0.084L 2 .8
where F - F - fa c to r  based on bubbling area
L - l iq u id  ra te  (U . S .  g a ll/m in / fo o t o f w e ir )
The rep o rt a lso  g ive s  data from an acetone- 
benzene system where the fro th  he ight was found to be 
n e a r ly  the same as those repo rted  fo r  the a ir -w a te r  
system . The rep o rt g ive s  the fo llo w in g  o v e r a l l  c o r re la t io n  
fo r  l iq u id  ra te s  between 5 and 50 g a llo n s  per m inute ,
Zf  = 2 . 5 3 F 2 + 1 . 8 9W - 1 . 6  2 .9
which i s  id e n t ic a l  w ith  the equation g iven  in  the Bubble 
T ray  Design Manual ( 2 3 ) .
-  2 4
P rin ce  (10 ) g ive s  a c o r re la t io n  fo r  f ro th  he ight 
in  the form o f a p lo t o f (SL/G) ag a in s t (F  /Mv^ ) 
where
F - F - fa c to r  based on column c ro ss  se c t io n  s
L/G - weight r a t io  o f l iq u id  to  gas r a t e .
S - submergence c a lc u la te d  from the w e ir
he igh t and the l iq u id  c re s t  over the w e ir
M - f ro th  h e ig h t .
W L - s p e c i f ic  g ra v it y  o f l iq u id .
V a rio u s system s were used to develop the c o r r e la t ­
ion  but the mean e r ro r  was o f the o rder o f 15%.
Zuiderweg and Harmens (25) demonstrated th a t 
g a s - liq u id  mass t r a n s fe r  has a co n s id e rab le  in f lu e n c e  on 
fro th in g  tendency. They suggested th a t the d if fe re n c e s  
in  su rfa ce  te n s io n  r e s u lt in g  from d if fe re n c e s  in  com position 
caused by mass t r a n s fe r  are re sp o n s ib le  fo r  t h is  e f f e c t .
H a r r is  and Roper (13) re p o rt in g  work on a 
12 in ch  d iam eter s ie v e  t r a y  usin g  an a ir - w a te r  system 
c o rre la te d  t h e i r  f ro th  he igh t data in  the form
Zf  = F + 0.75W + 0 .1 L  + 1 .5  2.1,0
where L - l iq u id  ra te  (U .S .G a l l/ m in / f t .w e ir )
Wada e t . a l .  ( 2 6 ) c o rre la te d  f ro th  he ight data 
obtained from a v a r ie t y  o f systems o p erating  under a c tu a l 
d i s t i l l a t io n  co n d itio n s  in  the form
-  25 -
(Z f  - Z±) p° - 5 a '0" 3 = 5 .1  F ‘ ° s 2 .11
L
where Z^  - c le a r  l iq u id  he ight 
pR - l iq u id  d e n s ity .
0 - l iq u id  su rfa ce  te n s io n  
F - F - fa c to r  based on bubbling a re a .
- f ro th  h e ig h t .
2 . 1 . 4 .  L iq u id  Hold-up on T ra y .
The l iq u id  hold-up i s  the amount o f l iq u id  
held  in  the fro th in g  m ixtu re  o f l iq u id  and vapour on the 
d i s t i l l a t io n  t r a y .  Hutchinson e t . a l .  (15 ) have suggested 
th a t  the performance o f s ie ve  t ra y s  wiuh re sp e c t to p ressu re  
d rop3 entrainm ent and e f f ic ie n c y  i s  dependent to  a la rg e  
e xten t on the e f f e c t i v e  depth o f l iq u id  on the p la te .
V ario u s w orkers (1 3 7 , 8 * 9) have suggested 
th a t the e q u iva le n t h e ig h t o f c le a r  l iq u id  on a p la te  
could be eva luated  u s in g  the equation
Z = W + Z 2 .12c ow
where ZQ - c le a r  l iq u id  he ig ht
W - w e ir he ig h t
Z - l iq u id  c re s t  over w e ir ow ^
C ic a le s e  e t .  a l .  (27)  used the F ra n c is  form ula to  c a lc u la te
the l iq u id  c re s t  over the w e ir
2/3
2 .1 3
o w
Z Q
w
2 6  -
where Q - l iq u id  flo w  ra te  (U .S .  g a ll/m in )
L - e f f e c t iv e  len g th  of w e ir ( in c h e s ) w
At f i r s t  s ig h t  the a p p lic a t io n  o f the F ra n c is  
form ula which was developed fo r  the s ta b le  flo w  o f c le a r  
l iq u id s  to the u n stab le  flo w  o f aerated  l iq u id s  would be 
u n l ik e ly  to  g ive  good r e s u l t s .  However G e rs te r e t .  a l . (21)  
found th a t fo r  work on a bubble cap column the F ra n c is  
form ula d id  hold fo r  fro th in g  l iq u id s .
Thomas and Campbell (22) showed th a t although 
equation 2 . 1 3  may hold the use o f equation 2 . 1 2  d id  not 
g ive  va lu e s  of Z th a t  were comparable w ith  va lu e s  obtained
v
from other methods.
Many e a r ly  workers (1 , 2 , 3* 5 9 15* 21) attempted 
to measure the l iq u id  hold-up using  manometers one leg  
being in s t a l le d  f lu s h  w i t h  the t ra y  and the o ther p ro je c t in g  
in to  the vapour space above the p la te . The read in gs on 
these  manometers I s  assumed to be the he igh t to which the 
f ro th  would co lla p se  i f  the vapour flo w  were to cease.
The va lu es  recorded in  t h is  way a re  u s u a lly  re fe r re d  to as 
the eq u iva le n t c le a r  l iq u id  h e ig h t .
Foss and G e rs te r  ( 6 ) reported  th a t l i k e  f ro th  
he ig h t the c le a r  l iq u id  he ig h t v a r ie d  from p o in t to p o in t 
along the t r a y .  They used a mean c le a r  l iq u id  he ig ht and 
found th a t i t  in c reased  w ith  in c re a se s  in  l iq u id  ra te  and 
w e ir he igh t but decreased w ith  in c re a s in g  gas r a t e .
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P rin ce  (10 ) used a d ir e c t  method fo r  de term in ing  
the l iq u id  ho ld-up . He s im u ltan eo u sly  shut o f f  the l iq u id  
supply and o u t le t  w e ir  and dra ined  o f f  the l iq u id  th a t was 
trapped on the t r a y .  H is va lu e s  of l iq u id  hold-up showed 
the same genei'a l tren d s as those reported  by F c ss  and G e rs te r 
( 6 ) .  A number o f w orkers have p re s e n te d .c o r re la t io n  equations 
fo r  the c le a r  l iq u id  h e ig h t . The A . I . C h . E .  re p o rt (24) 
presented the equation
ZD = 0.19W - 0 .65F + 0 .02L  + 1.65 2.14
Campbell (18) repo rted  the equation
ZD = 0.19W - 0 .4 F  + 0 .013L + 1.56 2 .15
and H a r r is  and Roper (13 ) proposed the equation
ZD = 0.56W - 0 .27F + 0 .03E  + 0 .24 2.16
where W - w e ir  he igh t
F -• F~ fac to r based on bubbling area
L - l iq u id  ra te
Zp - c le a r  l iq u id  heip;ht
Sargent and coworkers (12) measured the l iq u id  
hold-up on a s ie v e  t ra y  in d i r e c t ly  from measurements o f 
foam d e n s it y 3 u s in g  a gamma ra d ia t io n  tech n iq u e . They 
found th a t the hold-up in c re ase d  w ith  in c re a se s  in  l iq u id  
r a t e 5 gas ra te  and w e ir  he igh t but decreased w ith  in c re a s in g  
p la te  f re e  a re a . These w orkers a lso  used the manometer 
technique but c a lle d  the read in gs the dynamic head because 
they were obtained from the t r a y  under dynamic or o p erating  
c o n d it io n s . Thomas and Campbell (22) a lso  used the same
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nom enclature . Both se ts  o f workers found th a t the dynamic 
head showed the same v a r ia t io n  as p rev io us re s e a rc h e rs .
Sargent e t .  a l .  (12) found a d iscrep an cy  between 
the l iq u id  hold-up and dynamic head va lu es  and suggested 
th a t  t h is  was due to  an u p th ru st on the fro th  because of 
the high v e lo c it y  o f the vapour le a v in g  the p e r fo ra t io n s . 
They suggested th a t the d if fe re n c e  between the dynamic head 
and l iq u id  hold-up was equal to the change in  vapour 
momentum as i t  emerged from the p e r fo ra t io n s .
Zc “ ZD = 0CL© (VH “ V  2 - 17
PL S
where - gas d e n s ity
PL - l iq u id  d e n s ity  
V - s u p e r f ic ia l  v e lo c it yS
Vg - hole v e lo c it y
Zp - dynamic head
Z - s t a t i c  head c
F o s s s G e rs te r and P ig fo rd  (2 8 ) a G ilb e r t  (20)
and Thomas and Campbell (22) have a l l  measured the mean
res id en ce  time o f l iq u id  on s ie v e  t r a y s .  Thomas and Campbell
( 2 2 ) used the r e la t io n s h ip
t  = V 2 . 1 8
v
where t  - mean re s id e n ce  tim e o f l iq u id
v - flo w  ra te  o f l iq u id
V - a c t iv e  volume o f l iq u id  on t ra y
to determ ine the volume hold-up on the t r a y . T h e ir  r e s u lt s  
la y  between va lu e s  obtained from equation 2 . 1 2  and those 
obtained using  the manometer tech n iq ue .
2 . 1 . 5 .  A e ra tio n  F a c to r  and F ro th  D en sity  Fac to r .
I t  i s  im p o rtan t, both from mass t r a n s fe r  and hydrodynamic 
c o n s id e ra t io n s , to  be ab le  to p re d ic t  the e f f e c t  o f o p e ra tio n ­
a l  v a r ia b le s  on the degree o f fro th in g  th a t w i l l  occur 
on a d i s t i l l a t io n  t r a y .  Two concepts are  in  common use 
which g ive  a measure o f the degree of fro th in g  o f the 
l iq u id  namely the a e ra t io n  fa c to r  and the f ro th  d e n s ity  
f a c t o r .
2 . 1 . 5 . 1 .  A e ra tio n  F a c to r .
M ayfie ld  e t .  a l .  ( l ) s P r in ce  (10) and Shah (16)  
have defined  an a e ra t io n  fa c to r  as
B = p ressu re  drop throug;h fro th in g  l iq u id  2.19 
c a lc u la te d  c le a r  l iq u id  depth.
A l l  these workers c a lc u la te d  the c le a r  l iq u id  
depth by ta k in g  the sum o f the o u t le t  w e ir  he igh t and the 
c re s t  over the w e ir which was eva luated  using  the F ra n c is  
form ula ( 2 . 1 2 ) .  The p ressu re  drop through the fro th in g  
l iq u id  was taken as the d if fe re n c e  between the t o t a l  
p re ssu re  drop and the dry p la te  p ressu re  drop a t the same 
vapour r a t e .  M ayfie ld  e t .  a l .  (1 ) used an a lr - w a te r  system 
on a 6 foot d iam eter t r a y  and repo rted  th a t the a e ra t io n  
fa c to r  in c reased  s l ig h t ly  w ith  in c re a se s  in  a i r  f lo w  but
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decreased w ith  in c re ased  l iq u id  f lo w . P rin ce  (10) used 
a number of g a s - liq u id  system s but f i t t e d  h is  s ie ve  t r a y  
w ith  f ro th  b a f f le s .  He found th a t the a e ra t io n  fa c to r  
was a fu n c tio n  o f both the c le a r  l iq u id  he ight and the 
r a t io  o f l iq u id  to  gas f lo w . He reported  th a t the a e ra t io n  
fa c to r  in c re ase d  w ith  in c re a se s  in  l iq u id  flo w  but decreased 
w ith  in creased  gas f lo w .
Hutchinson e t ,  a l . (15) defined  the a e ra t io n  
fa c to r  as the r a t io  o f the p ressu re  drop increm ent to the 
c le a r  l iq u id  h e ig h t increm ent which caused i t .
B = Api " Ap2 2 . 2 0
j ( S  - S )1 2
where B - a e ra t io n  fa c to r
j  - s p e c if ic  g ra v it y  o f l iq u id
S and S - two d if fe r e n t  c le a r  l iq u id  s e a ls  1 2
Ap and Ap - p re ssu re  drop acro ss the f ro th in g  l iq u id  
1 2
corresponding to S and S re s p e c t iv e ly1 2
The authors used an id e a l is e d  model to develop a re la t io n s h ip  
between a e ra t io n  fa c to r  and fro th  d e n s ity  fa c to r
0 = 2B - 1 2 .21
where 0- f ro th  d e n s ity  fa c to r  defined  as
0 = Zc /Zf  2 . 2 2
Equation  2.21 im p lie s  th a t  the minimum va lu e  o f a e ra t io n  
fa c to r  i s  0 , 5 *
G ilb e r t  (20)  has defined  the a e ra t io n  fa c to r  
as the r a t io  of the c le a r  l iq u id  height a f t e r  the co lla p se  
o f the f ro th  to the c a lc u la te d  c le a r  l iq u id  h e ig h t .
Campbell (18)  c a lc u la te d  a e ra t io n  fa c to rs  from 
both p ressu re  drop r e s u lt s  and from a dynamic head p r o f i le .
He defined  the a e ra t io n  fa c to r  based on p ressu re  drop data as 
B (h )  = hT - hDp - hR 2 .23
n t + v
and th a t based on dynamic head data as
B(D) = Zc (D) 2.24
w + 2 - row
where Z -(D)  s t a t i c  head as de fined  by equation 2 .17 .
He reported  th a t  the a e ra t io n  fa c to r  determ ined from e ith e r  
- re la tio n sh ip  in c re ase d  w ith  in c re a se s  in  l iq u id  r a t e .
The p ressu re  determ ined va lu es  were in s e n s it iv e  to  vapour 
ra te  changes but the dynamic head determined va lu e s  decreased 
as the vapour ra te  was in c re a se d .
Most workers ( I ,  10 , 15* 16 s 20, 26) have r e ­
ported th a t over q u ite  la rg e  ranges of l iq u id  and vapour 
ra te s  the a e ra t io n  fa c to r  was w ith in  the range 0 . 5  to
0 .65 .
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2 . 1 . 5 . 2 .  F ro th  D e n s ity  F a c to r .
Most e a r ly  w orkers ( 6 , 11 , 21 , 22 , 24) have 
computed the f ro th  d e n s ity  fa c to r  as
<j> = e q u iva le n t c le a r  l iq u id  he ight 2 . 2 5
f ro th  he ight
where the e q u iva le n t c le a r  l iq u id  he ight was measured by 
a manometer attached  to  the t ra y  f lo o r .
Foss and G e rs te r  ( 6 ) have reported  th a t the 
f ro th  d e n s ity  fa c to r  decreased u n ifo rm ly  as the gas flow  
in creased  but was in s e n s it iv e  to  e ith e r  w e ir  he ight or 
l iq u id  ra te  v a r ia t io n s . T h e ir  va lu es  o f f ro th  d e n s ity  
fa c to r  v a r ie d  from 0 . 1 8  to 0 . 3 9  fo r  vapour v e lo c it y  changes 
from 6 . 5  to 1 . 8  fe e t  per second.
G e rs te n , Bonnet and Hess (19) have reported  
s im i la r  trend s in  f ro th  d e n s ity  f a c to r .
The A . I . C h . E .  f i n a l  re p o rt from the U n iv e rs ity  
of Delaware (24)  g ive s  froth d e n s ity  data from a bubble 
cap column; <f> decreased w ith  in c re a se s  in  gas ra te  but 
was found to  in c re a se  w ith  in c re a se s  in  l iq u id  f lo w .
G ilb e r t  (20) measured the c le a r  l iq u id  he ight 
by ca tch in g  the l iq u id  he ld  on the t r a y  under o p erating  
c o n d it io n s . He repo rted  th a t the fro th  d e n s ity  fa c to r  
decreased w ith  in c re a se s  in  gas flow  but in c reased  s l ig h t ly  
w ith  in c re a se s  in  l iq u id  ra te  and w e ir h e ig h t .
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Sargent and h is  coworkers (12) used a gamma 
ra y  abso rp tion  technique to  measure f ro th  d e n s ity  on a 
12 in ch  d iam eter s ie v e  t r a y .  T h e ir  r e s u lt s  in d ica te d  the 
e x is te n ce  o f th ree  d is t in c t  zones in  the f ro th in g  mass 
on the d i s t i l l a t io n  t r a y .  The zone im m ediately above the 
t ra y  f lo o r  was o f h igh d e n s ity . Above t h is  th e re  e x is te d  
a la rg e  zone o f constant d e n s ity  a f t e r  which the d e n s it3»’ 
t a i le d  o f f  r a p id ly  in to  the spray zone. The authors r e ­
ported an in c re a se  in  f ro th  d e n s ity  w ith  in c re a se s  in  w e ir
height but a n e g lig ib le  e f f e c t  o f in c re a se s  in  e ith e r  l iq u id  
or vapour r a t e s ,
Calderbank e t .  a l .  (29) measured the f ro th  
d e n s ity  by the use o f a r e f l e c t i v i t y  probe but the equ ip­
ment ra th e r  l im ite d  the va lue  of the work.
Thomas and Campbell (22) used two approaches 
to the f ro th  d e n s ity  f a c t o r .  The va lue  computed using  
a dynamic head p r o f i le  they defined  as
<|>(D) = Z0 (D)/  Zf  2-26
and using  p ressu re  drop data
0 (h ) = hrj1 - hjjp » hR 2 . 27
They reported  th a t 0(D) was un a ffected  by in c re a se s  in  
l iq u id  ra te  but 0 (h ) showed a s l ig h t  in c re a s e . Both va lu es  
o f f ro th  d e n s ity  fa c to r  show a decrease w ith  in c re a s in g  
a i r  r a t e .
Radionov (30)  reported  th a t the f ro th  d e n s ity  
fa c to r  v a r ie d  w ith  ho le  s iz e  and p la te  th ic k n e s s .
2 . 2 .  HYDRODYNAMIC STUDIES OF DOWNCOMER.
The downcomer has on ly been stud ied  in  depth 
during  the la s t  e ig h t ye a rs  and on ly during  the la s t  f iv e  
ye a rs  has the im portance o f studying  a combined t ra y  and 
downcomer system been r e a l is e d .
2 . 2 . 1 .  F ro th  H e ig h t.
As w ith  the t r a y ,  the term fro th  he ig h t i s  used 
to d e sc rib e  the he igh t o f the aerated  l iq u id  mass above 
the downcomer bottom.
S e v e ra l w orkers ( 8 , 9 , 31 , 32) suggest th a t 
when the aerated  l iq u id  in  the downcomer reaches the 
top o f the t r a y  e x i t  w e ir  the column would f lo o d . I f  t h is  
were so i t  would be n ecessa ry  to use the f ro th  he ight in  
the downcomer as a design  param eter.
Thomas and Shah (33)  c a r r ie d  out an e x te n s iv e  
study on re c ta n g u la r  downcomers and c a s t doubts on the 
v a l id i t y  o f some concepts used in  downcomer d esig n . They 
repo rted  th a t the column d id  not flo o d  when the fro th  
reached the t ra y  o u t le t  w e ir  because l iq u id  was s t i l l
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ab le  to pass through the f ro th  to the t r a y  below . They 
reported  th a t the f ro th  he ight e ith e r  in c reased  or decreased 
as the l iq u id  ra te  in c re a se d  depending upon the downcomer 
w id th . The f ro th  he ig h t however in creased  as the gas 
ra te  in c re a se d . Thomas and Campbell (22) confirm ed these 
c o n c lu s io n s .
A number o f e a r ly  workers ( 8 , 9* 31* 32) assumed 
th a t the average f ro th  d e n s ity  in  the downcomer was 0 . 5  
but Shah (16)  and o ther w orkers have shown th a t t h is  was 
a ve ry  co n se rva tive  e s t im a te .
Bernard and Sargent (17) measured the f ro th  
d e n s ity  p r o f i le s  in  a downcomer under a c tu a l d i s t i l l a t io n  
c o n d it io n s . They rep o rted  th a t  the fro th  d e n s ity  v a r ie s  
w ith  vapour and l iq u id  ra te s  and hole s i z e .
2 . 2 . 2 .  L iq u id  Height in  Downcomer.
Le ibson e t .  a l .  (7 ) have developed an exp ress io n  
fo r  the eq u iva le n t c le a r  l iq u id  he ight in  a downcomer 
by co n s id e rin g  a h y d ro s ta t ic  balance a t the bottom o f the
downcomer. Shah ( 1 6 )  and la t e r  Campbell ( 1 8 )  f u l l y  te s te d
the re la t io n s h ip  w ith  exp erim en ta l d a ta .
DC . T  + 2 £ )L p  *  ^ U F  ~ ^ B U  2 . 2 8
where - c le a r  l iq u id  he ig h t in  downcomer. 
h y  - t o t a l  p re ssu re  drop.
dynamic head on lower t r a y  ad jacen t to  
downcomer.'
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hRp - under flo w  head lo s s  at base of downcomer. 
hgu "* p re ssu re  b u ild  up between head o f downcomer 
and vapour space above t ra y  
j  - s p e c i f ic  g ra v it y  o f l iq u id
B o lle s  (32)  has suggested th a t the head lo s s  through an 
underflow  w e ir i s  g iven  by the equation
hyp ® 0.03 Q
100 Ac -
2.29
where Q - l iq u id  flo w  ra te  (U .S .  g a ll/m in ) 
A„ - downcomer c le a ran ce  a re a .
C ic a le se  e t . a l .  ( 2 7 ) have proposed th a t the c le a r  l iq u id  
he ight in  the downcomer above the c re s t  over the o u t le t  
w e ir s w i l l  be equal to the  sum o f the t o t a l  p re ssu re  drop 
acro ss the t r a y ,  the underflow  head lo s s  at the bottom of 
the downcomer and the l iq u id  g rad ien t a cro ss  the t r a y .
T h is  r e la t io n s h ip  was su b s ta n tia te d  w ith  experim enta l d a ta .
2 . 3 .  MASS TRANSFER ON SIEVE TRAYS.
The p re d ic t io n  o f the amount o f mass t r a n s fe r  
ta k in g  p lace  on s ie v e  t ra y s  has fo r  many ye a rs  been an 
acute problem in  t h e i r  d e s ig n . In  the past i t  has been 
the p ra c t ic e  to base p re d ic t io n s  on p rev io us columns on 
d u tie s  o f a s im i la r  n atu re  o r to use a com bination o f 
in t u i t iv e  judgement and e m p ir ic a l c o r re la t io n s .
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2 . 3 . 1 .  P la te  and Po in t E f f i c ie n c y .
Murphree (34 )  defined  the e f f ic ie n c y  o f mass 
t r a n s fe r  on d i s t i l l a t io n  t r a y s  in  terms of e ith e r  an o v e r a l l  
co n ce n tra tio n  change o r a change acro ss a sm a ll segment o f 
l iq u id .  He de fined  the p la te  or o v e r a l l  e f f ic ie n c y  as
EMV r yn ~ y n+l 2 *30
yn *“ yn+l
and the p o in t or lo c a l  e f f ic ie n c y  as
e og = y -  yn + i  2 - 31
y * -  y n+1
where y or y Ml1 - mean mole f r a c t io n  o f so lu te  in  n n+i
t  li tithe vapour le a v in g  the n or n+1 p la te .
y - mole f r a c t io n  o f so lu te  in  the vapour
le a v in g  a sm a ll l iq u id  segment.
* - in d ic a te s  th a t co n cen tra tio n  o f so lu te
in  the vapour, which would be in
e q u ilib r iu m  w ith  the l iq u id  from which
i t  emanates.
In  both these d e f in it io n s  the in le t  vapour i s  assumed 
to be w e ll mixed and so i f  the l iq u id  com position i s  
un ifo rm  acro ss  the t r a y  then the two e f f i c ie n c ie s  a re  eq u a l.
Lew is (35) made the f i r s t  attem pt to r e la te  
the p o in t and p la te  e f f i c ie n c ie s  fo r  d if fe re n t  column
c o n fig u ra t io n s . He considered  th ree  d is t in c t  cases :
1 . The vapour e n te rin g  the t r a y  i s  com plete ly m ixed.
2.  The vapour r i s e s  from p la te  to p la te  w ithout m ixing
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The f i r s t  m ajor step  in  the co n s id e ra tio n  o f 
in te rp h ase  mass t r a n s fe r  on d i s t i l l a t io n  t ra y s  was made 
in  1949 by G e rs te r , C o lb u rn , Bonnet and Carmody (19 ) .
These workers demonstrated th a t the p la te  e f f ic ie n c y  fo r  
a Cjj h yd ro ca rb o n -fu rfu ra l-w a te r system could be s u c c e s s fu lly  
p red ic ted  by determ in ing se p a ra te ly  the amount o f mass 
t r a n s fe r  ta k in g  p lace  in  the gas and l iq u id  f i lm  on the 
t r a y .  They used a b a s ic  two f i lm  mass t r a n s fe r  approach 
and showed th a t  the p o in t e f f ic ie n c y  i s  re la te d  to the 
o v e ra l l  number o f t r a n s fe r  u n its  by
In (1 -  EqQ) = nQG 2 ,3 5
the l iq u id  flo w s in  the same d ire c t io n  on a l l  p l a t e s ,  
l iq u id  flo w s in  opposite  d ire c t io n s  on ad jacen t t r a y s .
has the w idest a p p lic a t io n  and the re la t io n s h ip
e f f ic ie n c e s  i s
E m  = exp (X Eqq )” !  2.32
~ X
-  mG/L
- g rad ien t o f e q u ilib r iu m  l in e .
- gas ra te
- l iq u id  r a t e .
In te rp h ase  Mass T ra n s fe r .
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where Nqj - number o f t r a n s fe r  u n it s  based on the o v e ra l l  
gas phase
T h is  number o f t r a n s fe r  u n its  could then be re la te d  to the 
number based se p a ra te ly  on each o f the f i lm s .  A s im i la r  
so rt  o f re la t io n s h ip  to  equation 2 . 3 3  was shown to  hold 
fo r  the in d iv id u a l f i lm s
In  (1 - E l ) = Nl  2.34
I n  (1 - Eg ) = Nq 2.35
where - p o in t e f f ic ie n c y  fo r  a pure l iq u id  f i lm  system 
E g - p o in t e f f ic ie n c y  fo r  a pure gas f i lm  system 
The authors determ ined the pure l iq u id  f i lm  e f f ic ie n c y  by 
the deso rp tion  o f oxygen from w ater w ith  a i r  and the pure 
gas f i lm  e f f ic ie n c y  by the hum icL ifica tio n  o f a i r .  The 
va lu e s  o f and were then co rrecte d  to  take  in to  account 
the d if fe re n c e s  in  p h y s ic a l p ro p e rt ie s  between systems 
by use o f the re la t io n s h ip
- 2/3Nn (system  1)= Nr (system  2) FEc ( system 2 ) | 2 .36
[Sc (system  1 )J
where Sc - Schmidt number
The co rrected  va lu e s  fo r  the number of f i lm  t r a n s fe r  u n it s  
were used to  c a lc u la te  the o v e ra l l  number based on the 
gas phase and the use o f equation 2 . 3 3  allow ed the po in t 
e f f ic ie n c y  to  be determ ined . The re la t io n s h ip s  o f Lew is (35)  
could then be used to  estim ate  the Murphree p la te  e f f ic ie n c y .  
The method was s u c c e s s fu l ly  used to p re d ic t  the e f f ic ie n c y  
o f a bubble cap column o p era tin g  under d i s t i l l a t io n  c o n d it io n s .
G e rs te r e t .  a l .  (21)  te s te d  the theo ry  o f 
G e rs te r e t .  a l  (19 ) by ap p ly ing  i t  to  a m ethanol-water
system operating  a t e ith e r  1 . 0  or 4 .0  atmosphere t o t a l  
p re ssu re . The p re d ic te d  va lu es  of p la te  e f f ic ie n c y  fo llow ed  
q u ite  c lo s e ly  those measured from the exp erim en ta l system .
Foss and G e rs te r ( 6 ) stud ied  the l iq u id  f i lm  
e f f ic ie n c y  on a s ie v e  t r a y  45 inches long . They showed 
th a t the number o f l iq u id  f i lm  t ra n s fe r  u n its  in creased  
l in e a r ly  w ith  f ro th  he ight and a i r  v e lo c it y  but decreased 
l in e a r ly  w ith  l iq u id  r a t e .
Rush and S t irb a  (36)  app lied  the approach o f 
G e rs te r e t .  a l .  (19)  to a c tu a l d i s t i l l a t io n  on an 18 in ch  
diam eter s ie v e  t r a y .  T h e ir  r e s u lt s  showed marked d e v ia t io n s  
between the measured and p red ic ted  va lu es  of p la te  
e f f ic ie n c y  fo r  the systems a c e t ic  ac id -w ate r and m ethyl 
is o b u ty l ke to n e-w ate r. The authors suggested th a t  t h is  
d e v ia t io n  was caused by an unknown amount o f l iq u id  m ixing  
in  the d ire c t io n  o f net l iq u id  f lo w .
The American In s t i t u t io n  o f Chem ical Eng ineers 
F in a l  Report from the North C a ro lin a  S ta te  C o llege (37) 
used a s im i la r  two f i lm  mass t r a n s fe r  approach to  p rev io u s ' 
workers but extended the theo ry by w r it in g  the number o f 
t r a n s fe r  u n it s  in  terms o f co n tact tim es
41 -
where t T - l iq u id  co n tact tim e 
tg " gas co n tact t im e . ■
ky - l iq u id  f i lm  mass t r a n s fe r  c o e f f ic ie n t  
- gas f i lm  mass t r a n s fe r  c o e f f ic ie n t  
a - in t e r f a c ia l  a re a .
The r e s u lt s  however were such th a t the re la t io n s h ip s  
were not com plete ly j u s t i f i e d .
The A . I . C h . E .  Bubble T ray  Design Manual (23) 
was based on the re p o rts  o f v a r io u s  u n iv e r s i t ie s  to the 
In s t i t u t io n  (24,  37 ) .  The th e o re t ic a l approach i s  b a s ic a l ly  
th a t  o f G e rs te r e t .  a l .  (19 ) and s tu d ie s  on a wide v a r ie t y  
o f systems are  re p o rte d . V a rio u s c o r re la t io n s  are  presented 
to  a s s i s t  the c o rre c t io n  o f the number o f pure f i lm  t r a n s fe r  
u n it s  fo r  the a f fe c t  o f d i f fe r e n t  systems usin g  the Schmidt 
number (equation  2 . 3 6 ) .
Hay and Johnson (38)  su b s ta n tia te d  the r e la t io n ­
sh ip  (equation  2 .38)  from the North C a ro lin a  re p o rt (37) 
by p lo t t in g  the number o f gas f i lm  t r a n s fe r  u n it s  ag a in s t 
the r a t io  o f vapour hold-up to  l in e a r  v e lo c it y  and obtained 
a s t ra ig h t  l in e .  These r e s u lt s  a lso  in d ica te d  th a t  the 
gas f i lm  mass t r a n s fe r  c o e f f ic ie n t  was independent o f the 
vapour r a t e ,  l iq u id  ra te  and fre e  a re a . These co n c lu s io n s 
were la t e r  su b s ta n tia te d  by Calderbank and Moo-Young (3 9 ) .
S e v e ra l o ther w orkers (13* 40 , 41 , 42) have 
in v e s t ig a te d  bubble t r a y  e f f ic ie n c y  using  a s im i la r  th e o re t ic ­
a l  approach as G e rs te r  e t .  a l .  (19)  and have reported  
s im i la r  trends :t'o Workers p re v io u s ly  mentioned-.
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Chu e t .  a l .  (43)  approached the p re d ic t io n  o f 
p la te  e f f ic ie n c y  from a semi e m p ir ic a l p o in t o f v ie w .
They d e rived  a ve ry  complex c o r re la t in g  equation fo r  the 
Murphree l iq u id  e f f ic ie n c y  in  terms of the e q u iva le n t 
bubble d iam e te r, the head o f l iq u id  over the w e ir ,  the 
bubble cap and w e ir d im ensions, the d i f f u s i v i t i e s  o f both 
vapour and l iq u id ,  the t o t a l  vapour p re s su re , the m o lecu la r 
weight o f the l iq u id  and the mole f r a c t io n  o f s o lu te , 
tem p eratu re , d e n s ity  and v is c o s i t y  o f both phases . The 
f i n a l  equation i s  so complex th a t the authors a lso  propose 
an approxim ate method of e v a lu a t in g  p la te  e f f ic ie n c y .
West,  G ilb e r t  and Shim isee (44) have attempted 
a more fundamental approach to the fa c to rs  a f fe c t in g  mass 
t r a n s fe r  on s ie v e  t r a y s .  They in v e s t ig a te d  se p a ra te ly  
the fa c to rs  which determ ine the bubble s i z e ,  the contact 
tim e between phases and the in d iv id u a l f i lm  mass t r a n s fe r  
c o e f f ic ie n t s .  Using re la t io n s h ip s  proposed by p rev ious 
w orkers no tab ly  H igb ie (45)  and the r e s u lt s  o f t h e i r  own 
work they proposed a c o r re la t io n  equation which was 
su b s ta n tia te d  by experim ent.
Calderbank (46)  measured the frequency o f 
bubbles is s u in g  from v a r io u s  shots and o r i f i c e s  and found 
th a t a t gas flow  ra te s  g re a te r  than 30 c c / s e c .  the frequency 
was s u b s ta n t ia l ly  constant at a va lu e  between 15 and 20 
per second. By assuming th a t the bubbles were s p h e r ic a l 
Calderbank developed an e xp re ss io n  fo r  in t e r f a c ia l  area 
per u n it  volume o f f r o t h . These va lu es  were then used 
in  co n ju n ctio n  w ith  H ig b ie Ts (45) equation to  eva lu a te  a
mass t r a n s fe r  c o e f f ic ie n t  and were then ap p lied  to  the 
equations o f G e rs te r e t .  a l .  (1 9 ) thus enab ling  a p o in t 
e f f ic ie n c y  to be c a lc u la te d .
L a te r  work by Calderbank in  co n ju n ctio n  f i r s t l y  
w ith  Evans and Rennie (29)  and then w ith  Rennie alone (47)  
led  to the development o f v a r io u s  methods fo r  the determ in­
a t io n  o f the in t e r f a c ia l  a rea  o f f ro th s . These workers 
used e ith e r  an o p t ic a l r e f r a c t i v i t y  probe o r a f la s h  
photography method.
Smith and W il ls  (48) have ap p lied  H ig b ie ’ s 
(45)  p e n e tra tio n  theo ry  to  mass t r a n s fe r  on s ie v e  t ra y s  
and presented data showing how the o p era ting  param eters 
a f fe c t  the time o f p e n e tra t io n . They conclude th a t t h e ir  
approach i s  a p p lic a b le  to s ie v e  t ra y  mass t r a n s fe r  but 
th a t more work i s  re q u ire d .
S e v e ra l o ther w orkers (39* 49* 50* 51* 52,  53) 
have stud ied  mass t r a n s fe r  on s ie v e  t ra y s  u s in g  a b a s ic  
mass t r a n s fe r  approach and have e ith e r  p resented c o r re la t io n s  
fo r  the p re d ic t io n  o f the number o f t r a n s fe r  u n i t s ,  mass 
t r a n s fe r  c o e f f ic ie n t s  or d i f f u s i v i t i e s .
2 . 3 . 3 .  E f fe c t  o f Tower V a r ia b le s  on P la te  E f f i c ie n c y .
S e v e ra l w orkers have reported  the e f f e c t  o f 
operating  co n d it io n s  on the p la te  or p o in t e f f i c ie n c ie s  
o f d i s t i l l a t io n  t r a y s .  F in ch  and Van W inkle (54)  showed 
th a t the p o in t e f f ic ie n c y  in creased  as the len g th  o f
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l iq u id  t r a v e l  in c rease d  and th a t hole d iam eter had no 
e f f e c t  on e f f ic ie n c y .  T h is  l a t t e r  fa c t  was confirm ed 
by E l l i s  and Moyade ( 5 5 ) who a lso  showed th a t the p la te  
e f f ic ie n c y  in creased  as the p la te  fre e  a rea  in c re a se d .
These two workers showed th a t the o v e ra l l  gas phase po in t 
e f f ic ie n c y  in creased  as the l iq u id  ra te  in c reased  although 
E l l i s  and Moyade (55)  d id  rep o rt a maximum at l iq u id  ra te s  
g re a te r than 12,000 l b / h r / f t 2 . Thomas and Campbell (56) 
reported  th a t the Murphree l iq u id  e f f ic ie n c y  decreased 
as the l iq u id  ra te  in c re a se d .
S e v e ra l w orkers (12 ,  14,  26,  54,  56,  57) have 
reported  th a t in  g e n e ra l, e f f ic ie n c y  in c reased  as the 
vapour ra te  in c re a se d . Three groups o f w orkers (12 ,  14,  26) 
have reported  th a t a maximum va lu e  of e f f ic ie n c y  was 
reached as the vapour ra te  x^ ras in c re a se d . Sargent e t .  a l .  
( 1 2 ) exp la in ed  t h is  maximum as being due to the t r a n s it io n  
from a foam to a sp ray regime on the t r a y .  Foss e t . a l  ( 6 ) 
however exp la in ed  th a t the f a l l  o f f  in  e f f ic ie n c y  at h ig her 
vapour ra te s  was due to  a je t t in g  o f the vapour through 
the l iq u id .  T h is  caused an o v e ra l l  decrease in  the amount 
o f m atter t ra n s fe r re d  and hence a decrease in  the p la te  
e f f ic ie n c y .
2 . 4 .  EFFECT OF LIQUID AND VAPOUR MIXING ON THE PERFORMANCE 
OF DISTILLATION TRAYS.
During the la s t  20 ye a rs  co n s id e rab le  re se a rch  
e f fo r t  has been devoted to  the th e o re t ic a l d e sc r ip t io n  o f 
f lu id  m ixing in  f lo w in g  stream s. As long ago as 1935
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Lew is (35)  r e a l is e d  th a t the degree to which l iq u id  was 
mixed on a d i s t i l l a t io n  t r a y  would have a marked e f f e c t  
on the t r a y  e f f ic ie n c y .  He obtained the fo llo w in g  
re la t io n s h ip s  between the Murphree p la te  e f f ic ie n c y  and 
p o in t e f f ic ie n c y
E 0G = E-MV 2 . 5 9
where the l iq u id  i s  com plete ly mixed and
E m  = exp (X Eog) - 1 2 . 3 2
X
where the l iq u id  i s  com plete ly unmixed. S e v e ra l la t e r  
w orkers ( 6 , 1 9 , 2 1 , 3 6 ) suggested th a t r e a l  d i s t i l l a t io n  
t ra y s  l ie  between the two extrem es quoted above and many 
attem pts have been made to  e x p la in  the phenomenon o f l iq u id  
m ixing  on d i s t i l l a t io n  t r a y s .
2 . 4 . 1 .  Pool T h e o r ie s .
The f i r s t  attem pt to  account q u a l i t a t iv e ly  
fo r  the e f f e c t  o f l iq u id  m ixing  upon t ra y  e f f ic ie n c y  was 
made by Kirschbaum  (5 8 ) .  He proposed th a t the t r a y  be 
d iv id e d  in  the d ire c t io n  o f l iq u id  flow  in to  s e v e ra l e q u a lly  
s ize d  p e r fe c t ly  mixed p o o ls . The l iq u id  was assumed to 
flo w  from one pool to  the next u n t i l  i t  reached the o u t le t  
w e ir . A t r a y  w ith  a s in g le  pool was o f course p e r fe c t ly  
mixed w h ile  one w ith  an in f i n i t e  number o f pools corresponded 
to  an e n t i r e ly  unmixed t r a y .  The author f a i le d  however to  
in d ic a te  how the a c tu a l number o f pools could be 
c a lc u la te d .
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Gautreaux and O’ Connel (59) used the mixed pool
approach c f  Kirschbaum ( 5 8 ) to  r e la te  the Murphree vapour 
t r a y  e f f ic ie n c y  to the p o in t e f f ic ie n c y  Eqg by the 
equation
where n - number o f mixed p o o ls .
These workers assumed th a t the e q u ilib r iu m  and operating  
l in e s  were s t ra ig h t  over the co n ce n tra tio n  range o f a 
s in g le  t ra y  and th a t the vapour en te rs  the t r a y  com plete ly 
m ixed. The l im it s  o f equation 2 .40 are
a.  n -> «> i . e .  l iq u id  unmixed.
b . n = 1 i . e .  l iq u id  com plete ly m ixed.
E MV = E 0G 2 ,3
A te n ta t iv e  c o r re la t io n  o f the number of pools a g a in s t the 
e f fe c t iv e  leng th  of the l iq u id  path was p resen ted .
B e rk o v s k ii and A leksand rov (60) extended the 
work o f the p rev io us w orkers by d iv id in g  f ro th  on the t ra y  
in to  n com plete ly mixed pools in  the d ire c t io n  o f l iq u id  
flo w  and s com plete ly mixed pools in  a d ire c t io n  perpend­
ic u la r  to the t r a y .  The f ro th  was thus considered to be 
an ’ s ’ by ’ n ’ u n it  m a tr ix  o f com plete ly mixed pools and
r‘n + X E 2. 40
n
e mv = A~x ( exP ( x e 0g) -1 ) 2 . 3 2
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the gas flo w  was considered  to  be e q u a lly  d iv id e d  among 
the n columns o f the m a tr ix . The authors developed the 
fo llo w in g  re la t io n s h ip  between the Murphree p la te  and 
p o in t e f f ic ie n c ie s
e MV “i - x 1-n
- n
1- eog |
1+XEoq (S/n)J - l j  2 . 4 1
J
t h is  equation reduces to  the re la t io n s h ip  o f Gautreaux 
and O’ Connel ( 5 9 ) i f  the l iq u id  i s  com plete ly mixed 
v e r t i c a l l y .  The authors a lso  re la te d  the p o in t vapour 
and l iq u id  e f f ic ie n c e s  by
EOG n E'OL 2 . 4 2
Xs + n E,OL Xs EoL
Molokanov ( 6 1 ) a lso  s p l i t  the l iq u id  flo w  acro ss  a t ra y  
in to  s com plete ly mixed pools but assumed th a t the l iq u id  
was com plete ly mixed in  the v e r t i c a l  d ir e c t io n . He attempted 
to  co nsid er vapour m ixing  by s p l i t t in g  the vapour in to  
n com plete ly mixed pools in  the d ire c t io n  o f f lo w . The 
author d e rived  a re la t io n s h ip  between the p o in t 
e f f ic ie n c y  and the number o f o v e ra l l  gas phase t r a n s fe r  
u n its
E^ , = 1 - (1 + N0{J/ n ) " n 2.1(3
The author however made no attempt to j u s t i f y  the r e la t io n ­
sh ip  using  e xp e rim e n ta lly  determ ined va lu e s  o f and
2 . 4 . 2 .  Uniform M ixing and S p la sh in g .
O liv e r  and Watson (62) have developed a r e la t io n ­
sh ip  between the p la te  and p o in t e f f ic ie n c ie s  o f d i s t i l l a t ­
ion  t r a y s .  They assume th a t the l iq u id  m ixing  i s  uniform  
acro ss the p la te  and c o rre la te d  t h e ir  data by assuming 
th a t the degree o f m ixing  i s  a unique fu n c tio n  o f the 
power input per u n it  volume o f a g iven  system . T h e ir  
f i n a l  r e la t io n s h ip  was
EQG = ln  L1 + " p ) E m j  2 .44
X T ~  F)
where F - t o t a l  f r a c t io n a l  m ix in g .
The experim enta l v e r i f i c a t io n  o f t h is  re la t io n s h ip  depended 
on l iq u id  samples being withdrawn from the u n stab le  entrance 
se c t io n  o f the t r a y  and the r e s u lt s  thus show a la rg e  degree 
o f s c a t t e r .
Johnson and M arangozis (63) employed a sp la sh in g  
fa c to r  in  t h e ir  approach to  l iq u id  m ixing  on a s ie v e  t r a y .  
They considered sp la sh in g  to  be the mechanism o f l iq u id  
m ixing  a f t e r  v is u a l  o b se rva tio n  had in d ica te d  th a t a th in
la y e r  o f c le a r  l iq u id  e x is te d  on the bottom o f the p la te  
w h ile  the m a jo r ity  o f the l iq u id  hold-up was in  the form 
o f eddies in  the foam. They observed th a t the eddies 
e x is te d  throughout the foaming mass and appeared to s w ir l  
from the l iq u id  la y e r  up in to  the foam and back to the 
l iq u id  la y e r .  They assumed th a t in  t h is  way the eddies 
caused the l iq u id  to  " s p la s h ” from p lace  to p lace  on the 
t r a y .  They considered t h is  mechanism would cause the
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m a jo r ity  o f l iq u id  m ixing on the t ra y  and m ixing  due to 
eddy d if fu s io n  in  the l iq u id  la y e r  would ho n e g l ig ib le . 
They developed a r e la t io n s h ip  between the p la te  and po in t 
e f f ic ie n c ie s
= Egg (1 -  exp  ( - e z b ) )  2 .H5
s t ;
where 0 = 1  - / 1 +  ^ oG 2.46
2(3 si ¥ f F  3Zo
and 3= qp Zp - qB ZR 2.47
The authors determ ined the m ixing  fa c to r  by experim ent and 
c o rre la te d  the r e s u lt s  by the equation
3 = 0 .688x10”   ^ UG2 “ 15 7Jl 2 ’ 2 8 5 h 4 *2 Vh ~ ° ' " 57  2 . 48
K
where UG - gas v e lo c i t y  based on bubbling a re a .
- gas v e lo c it y  based on l iq u id  hold-up
h - w e ir h e ig h t .
- l iq u id  v i s c o s i t y .  
pT - l iq u id  d e n s ity
The range of m ixing  fa c to rs  and p la te  e f f i c ie n c ie s  encountered 
in  the experim en ta l work were such however th a t the 
d e v ia t io n  from the Lew is equation was on ly s l ig h t ,  and 
the authors concluded th a t  fu r th e r  work was needed i f  the 
v a l id i t y  o f the sp la sh in g  mechanism was to  be proved .
2 .4 .3 *  Eddy D if fu s io n .
When the l iq u id  m ixing on a d i s t i l l a t io n  
p la te  i s  a t t r ib u te d  to an eddy d if fu s io n  mechanism, i t  
i s  assumed th a t  the m ixing  can be represented  by an equation 
o f the form
u dc _ dc 2.49
d x2 dx dt
where DR - eddy d if fu s io n  c o e f f ic ie n t
u - mean f lu id  v e lo c it y
c - co n ce n tra tio n
x - d is ta n ce  in  the d ire c t io n  o f f lu id  f lo w .
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T h is  d i f f e r e n t ia l  equation i s  a p p lic a b le  provided th a t the 
fo llo w in g  assum ptions concern ing the m ixing process are  
made.
1 . The on ly co n ce n tra tio n  g rad ien t e x is t in g  on the p la te
i s  one in  the x - d ir e c t io n . T h is  im p lie s  p e rfe c t  
m ixing  in  the v e r t i c a l  and h o r iz o n ta l d ire c t io n s  
th a t a re  p e rp e n d icu la r to the d ire c t io n  o f f lo w .
2 . The depth of l iq u id  on the p la te  i s  taken to be the
same fo r  a l l  va lu e s  o f x .
The w orkers a t the U n iv e r s it y  o f Delaware (24)  used an
eddy d if fu s io n  concept and d e rived  a ra th e r  cumbersome 
re la t io n s h ip  between the p la te  and p o in t e f f ic ie n c ie s
%TV 1-e xp (-r)-P e ) ___e13 - 1
% G (ri+Pe) "1+ rj+Pe" n 1 +. n
P „ Pe+p _
2 . 5 0
2 .5 1
1and Pe - P e c le t  number
where Pe = Z^ 2 2 .52
DT" t T E L
and ZR - leng th  o f l iq u id  path on the t ra y  
t R - l iq u id  re s id e n ce  time 
I t  was recogn ised  th a t  the re la t io n s h ip  2 .50 was too 
d i f f i c u l t  to  use and a num erica l so lu t io n  a t se le c te d  
va lu e s  o f Pe and E ^  were eva luated  u s in g  a computer.
A number o f exp erim en ta l approaches are p o ss ib le  
fo r  m easuring the param eters needed to  compute the r a t io
EMV^0G-* Tiie one cilosen f'o r A . I . C h . E .  programme 
in v o lv e s  the continuous in je c t io n  o f a n o n - v o la t ile  t r a c e r  
in to  the bubble t r a y  f ro th  near the o u t le t  w e ir  and subsequent 
measurement o f the degree to  which the t r a c e r  d if fu s e s  
upstream . Under steady s ta te  co n d itio n s the fo llo xv ing  
re la t io n s h ip  may be d e rived
C
o = e x p  [ ( l - w ) P e l  2 . 5 3
C - C  g o
where C - co n ce n tra tio n  o f t r a c e r  
o - r e fe r s  to  t r a y  in le t  
g - r e fe r s  to  the t r a c e r  in je c t io n  p lane 
w - r a t io  o f the d is ta n ce  between the sample po in t 
and the in le t  w e ir  to  the t o t a l  t r a y  le n g th .
A semi lo g a rith m ic  p lo t  o f (C - C Q) /  (C - CQ) ag a in st 
(1 - w ) i s  l in e a r  and the slope o f the l in e  equals the 
P e c le t  number from which the eddy d if fu s io n  c o e f f ic ie n t  
can be c a lc u la te d . V a lues o f Dp obtained in  t h is  manner 
xtfere c o rre la te d  in  the form
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0 • 5
(DE) ~= 0 .0 1 2 4 + 0 .0171u+0.0025L+0.015W 2 .5 4
where u - S u p e r f ic ia l  gas v e lo c it y  
L - l iq u id  ra te  
W - w e ir he ight
The workers on the A . I . C h . E .  programme have thus developed 
a complete e f f ic ie n c y  p re d ic t io n  method. Equation  2.54 
i s  used to p re d ic t  a va lu e  o f Dg which can e a s i ly  be 
converted in to  a P e c le t  number. Equation  2 .50 can then be 
used to c a lc u la te  an e f f ic ie n c y .
but used a frequency response technique fo r  dynamic an a lys is^  
The author based h is  approach on the work o f Kramers and 
A lberda (64) who showed th a t a c h a r a c t e r is t ic  m ixing  param eter 
can be determ ined fo r  a continuous flo w  system by comparison 
o f the experim enta l and th e o re t ic a l frequency re sp o n ses , 
p rovided th a t i t  i s  v a l id  to  assume th a t the m ixing  p rocess 
can be represented  m ath em atica lly  by a com bination of 
p is to n  flow  and lo n g itu d in a l d i f fu s io n . Based on t h is  
approach and the assum ption th a t the p o in t e f f ic ie n c y  
i s  constant over the p la t e ,  the author d e rived  the exp ress io n
G ilb e r t  (20) assumed an eddy d if fu s io n  concept
^  _ 1 "(1+P) 2exp (ZP--Z) - ( l - P )  2exp (-ZP-Z )-4P’
•E’  ~
2.55
where P = | l  + ^ E 0G \ 2
Po Ie !-J
2 . 5 6
and Z = 0 .5  Be 2 .5 7
where 3 - r a t io  o f the slope o f the e q u ilib r iu m  and 
o p erating  l in e s
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I t  i s  o f in te r e s t  to note th a t as Dp tends to  zero the 
equation fo r  the e f f ic ie n c y  reduces to  the Lew is equation 
( 2 . 3 2 ) and as Dp tends to  i n f i n i t y  the re la t io n s h ip  reduces 
to  u n it y .
B a rke r and S e l f  ( 6 5 ) measured the eddy d i f f u s i v i t y  
on a la rg e  s ie v e  t ra y  u sin g  both a steady s ta te  and unsteady 
s ta te  tech n iq ue . They c o rre la te d  t h e i r  r e s u lt s  in  the form 
Dp = 0 .01298ul ‘ **k + 0 .3024hL - 0.0605 2.58
where u - gas v e lo c it y  based on bubbling a rea  
hL - l iq u id  hold-up on p la te
These w orkers compared t h e i r  own r e s u lt s  and those of 
G ilb e r t  (20) w ith  the Delaware re p o rt (24)  and showed th a t 
the c o r re la t io n  (equation  2 .54)  presented by the A . I . C h . E ,  
was open to su sp ic io n  w h ile  t h e ir  own equation ( 2 . 5 8 ) f i t t e d  
t h e ir  own and G ilb e r t s  (20)  r e s u lt s  q u ite  w e l l .
W elch, Durb in and H olland ( 6 6 ) used the eddy 
d if fu s io n  model and so lved  the equation fo r  both an in f i n i t e  
and s e m i- in f in it e  p la t e . They ap p lied  the frequency response 
techn ique o f Kramers and A lberda (64)  to t h e i r  s o lu t io n s .
They c a r r ie d  out work on G l it s c h  b a l la s t  t ra y s  and c o rre la te d  
the eddy d i f f u s i v i t y  by the equation
Dp * 0.29U 2.59
where U -  s u p e r f ic ia l  gas v e lo c i t y .
The authors compare the th e o re t ic a l system response to 
a D ira c  D e lta  fu n c tio n  in je c t io n  o f t r a c e r  as p re d ic te d  
from the d if fu s io n  m odel, w ith  the measured system response . 
They showed th a t the d if fu s io n  model f i t t e d  the r e s u lt s  
ve ry  w e ll except fo r  a t the curve peak where th e re  was 
e xce ss iv e  s c a t t e r .  They a lso  p lo tte d  the response curve 
from a s e r ie s  o f s t i r r e d  c e l l s  and showed th a t  the d if fu s io n  
model was s l ig h t ly  the b e tte r  f i t .
M iyauchi e t . a l .  ( 6 7 ) developed an eddy d if fu s io n  
model in  two dim ensions co n s id e rin g  m ixing both in  the d ire c t  
io n  o f flo w  and upwards from the t ra y  f lo o r .  The authors 
however f a i le d  to  s a t i s f a c t o r i l y  c o r re la te  t h e ir  r e s u l t s .
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Sterb acek ( 6 8 ) p re sen ts  a method p re d ic t in g  the 
eddy d if fu s io n  c o e f f ic ie n t  from a b a s ic  hydrodynamic approach 
He assumed th a t the gas flow  through the l iq u id  causes the 
l iq u id  m ixing  and th a t  the energy a v a i la b le  to cause m ixing  
i s  p ro p o rtio n a l to  the p ressu re  drop acro ss the fro th in g  
mass. He p resen ts  the equation fo r  s ie v e  t ra y s
Pe = 42.1
i k ( l - R 0 )2 UQ‘ p + pLh0!
2 . 6 0
where pL — liq u id  d e n s ity
ps
- gas d e n s ity
ho - c le a r  l iq u id  he ig h t
g - a c c e le ra t io n  due to g ra v ity
uo - s u p e r f ic ia l  gas v e lo c it y
Ro - p la te  fre e  area
Y - f r a c t io n a l  gas hold-up
k = 1 .14  fo r  s ie v e  t ra y s
or k r 1 . 1 7  fo r  s la t  t ra y s
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The equation could be used to p re d ic t  the P e c le t  number to
± 1 5 . 5 %■
K afaro v  e t .  a l .  ( 6 9 ) rev iew  the use o f the eddy 
d if fu s io n  model by p rev io u s w orkers and conclude th a t i t  
d id  not f u l l y  d e sc rib e  the l iq u id  m ixing on s ie v e  t r a y s .
They proposed a composite mixed pool and d if fu s io n  model.
They assumed th a t the t r a y  was made up in to  a lte rn a te  
se c t io n s  o f a com plete ly mixed pool o f len g th  100  - 150  mm 
and a c e l l  in  which m ixing  was describ ed  by the eddy 
d if fu s io n  model. They re la te d  the po int and p la te  e f f i c ie n c ie s  
by the equation
_ kA + (1 -k ) B 2 .61
E0 G "
where k - f r a c t io n  o f t r a y  on which th e re  i s  complete 
m ixing
The fa c to rs  A and B were de fined  as
A = gexp ( -g-Pe)  + (3+Pe) exp 3 2.62
2 g+Pe
B = 3 ( 1 - e x p ( - g - P e ) ) (3+Pe)(exp 3 -1)  2 .63
where 3 = Pe 
2
( g+Pe) ( 23+Pe) " (23 + Pe)
I I  + k x M  , 1 2 . 6 4/ ' OQ. -  1 I
y  p g  j
I t  i s  obvious th a t i f  the t r a y  were a l l  d escrib ed  by the 
eddy d if fu s io n  mechanism then equation 2 . 6 1  reduces to  the 
equation d e rived  by the Delaware workers ( 2 4 ) .
Fo s s ,  G e rs te r  and P ig fo rd  (28) approached m ixing  
on s ie v e  t ra y s  by m easuring the l iq u id  phase re s id e n ce  tim e
d is t r ib u t io n  fu n c t io n s . T h e ir  comprehensive approach i s  
based on the su p p o s it io n  th a t m ixing  o f the flo w in g  l iq u id  
causes some o f the l iq u id  to  re s id e  on the t r a y  fo r  p erio ds 
longer and/or sh o rte r  than the period  o f re s id e n ce  o f some 
o ther p o rt io n  o f l iq u id .  The authors assumed
1 . th a t the gas passed u n ifo rm ly  up through 
the l iq u id  in  plug flow
2 . the o p era tin g  and e q u ilib r iu m  l in e s  are  
s t r a ig h t  fo r  a g iven  t r a y 9
and developed the r e la t io n s h ip
-  56 -
E.w  = 1 - exp ( - AEqq t / T )  f ( t )  dt
A p  expC-AE^ t / T )  f  ( t )  dt
i o
where f  ( t )  - re s id en ce  tim e d is t r ib u t io n  fu n c tio n
t  - tim e o f re s id e n ce  o f l iq u id  element 
T - mean re s id e n ce  tim e o f l iq u id .
The authors measured the response a t the o u t le t  w e ir to 
a step  change o f t r a c e r  co n ce n tra tio n  a t the in le t  w e ir .
The response curve g ive s  d i r e c t ly  the cum ulative  re s id en ce  
tim e d is t r ib u t io n  fu n c tio n  which can be d if fe r e n t ia te d  
to g ive  the re q u ire d  d is t r ib u t io n  fu n c t io n . In  o rder to 
p re d ic t  the Murphree p la te  e f f ic ie n c y  from equation  2 . 6 5  
i t  i s  n ecessary  to  know the p o in t e f f ic ie n c y  as w e ll as the 
re s id en ce  time d is t r ib u t io n  fu n c t io n . Values o f p o in t e f f i c  
ie n cy  were obtained by use o f equations 2 . 3 8  and 2 . 3 5  
to geth er w ith  a va lu e  o f the p o in t mass t r a n s fe r  c o e f f ic ie n t  
The mass t r a n s fe r  c o e f f ic ie n t  was determ ined u sin g  a steady 
s ta te  method in  a la rg e  pool o f com plete ly mixed f r o t h .
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The r e s u lt s  were co rre la ted  as
kL a = 1197~3478Zf +l89OO0+l654O0Zf -43l6O 02 2 . 6 6
where Zf  - f ro th  he igh t 
0 - f ro th  d e n s ity
The authors s ta te  th a t they co n sid e r th a t the use o f the 
re s id en ce-tim e  concept to  c h a ra c te r is e  the degree o f l iq u id  
m ixing  on s ie v e  t ra y s  has f ew,  i f  any , l im it a t io n s  in  i t s  
a p p lic a t io n . I t  i s  a more r e a l i s t i c  approach than the 
Pool Theory and has advantages over the Eddy D if fu s io n  
concept in  th a t i t  can e x p la in  severe  l iq u id  b y-p ass in g . 
However the authors r e a l is e d  th a t an a n a ly t ic a l  form o f 
the d is t r ib u t io n  fu n c tio n  would s im p lify  the use o f 
equation 2 . 6 5 3 and proposed the equation
f ( 0 ) = a eY0 2.67
where 0 - d im ensio n less time
a s3 ,y  - co nstan ts
which can be used , a f t e r  the e v a lu a t io n  o f the c o n s ta n ts , 
to  r e la t e  the p la te  and p o in t e f f ic ie n c ie s  in  equation 
2 .65 .
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eml = 1 ~ ( xeog 62 + i ) ”1762 2 . 6 8
where 6 2 - v a r ia n ce  o f the re s id e n ce  tim e d is t r ib u t io n
Equation  2.68 reduces to  the Gautreaux and O’ Connel (59)  
re la t io n s h ip  (equation  2 .40 )  i f  the number o f pools equals 
1 /6 2. The authors considered  t h is  s im i la r i t y  to  be f o r t ­
u ito u s  .
as Foss e t .  a l .  (28)  but a r r iv e d  a t equations 2.65 and 2 .68 
by a s l ig h t ly  more r ig o ro u s  ro u te . These authors a lso  
used an eddy d if fu s io n  approach and re la te d  the eddy d i f f u s ­
ion  c o e f f ic ie n t  to the v a r ia n c e  o f the d is t r ib u t io n  fu n c tio n
by
fu n c t io n .
Thomas and Campbell (56) used the same approach
6 2 = 2. t  D.E 2.69
or 2.70
where 6^2 - time based v a r ia n ce  
6 2 - d im ensional v a r ia n c e
Zr - t r a y  leng th
t  - mean re s id e n ce  tim e o f l iq u id
u -  mean l iq u id  v e lo c i t y
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2 . 4 . 4 .  Continuous D is t r ib u t io n s  and Eddy D if fu s io n  Th eo ry .
In  1953 Danckwerts (70)  presented a u n if ie d  
and comprehensive treatm ent o f the res id en ce  tim e concept 
in  continuous flo w  system s. T h is  outstand ing  paper d e ta ile d  
the fundamental id eas in vo lve d  along w ith  a p p lic a t io n s  to 
s e v e ra l types of process .
L e v e n sp ie l and Smith (71) considered an eddy 
d if fu s io n  model fo r  f lu id  m ix in g . They so lved  the equation 
fo r  a double i n f i n i t e  system assuming a d e lta  fu n c tio n  
in p u t . These authors showed th a t the system response to 
a d e lta  fu n c tio n  inp u t i s  a skewed Gaussian curve and the 
amount o f skewedness depends on the P e c le t  number.
They de fined  the v a r ia n ce  o f the d is t r ib u t io n  by
6 2 = 6 2 f ( e ) d 6  -  ,
■I J0 0 vO
(Voo Of ( 9 .) d0 2.71
where 9 - d im ensio n less tim e
62 - v a r ia n ce  o f d is t r ib u t io n
f ( 0 )  - system response fu n c tio n  to d e lta  fu n c tio n  
inp u t s
and re la te d  the P e c le t  number to the v a r ia n ce  by
Pe = 2 /62 2.72
Van der Laan (72) used a s im i la r  approach to Le v e n sp ie l and 
Smith and presented so lu t io n s  to  a v a r ie t y  o f systems u sin g  
the eddy d if fu s io n  approach. In  a l l  cases the author used 
the mean and v a r ia n c e  o f response curves to  a p u lse  inp u t
*** 6 0  —
and re la te d  them to  the P e c le t  number. T h is  response
curve corresponds to the sC f curve defined  by Danckwerts ( 7 0 ) .
B is c h o f f  and L e v e n sp ie l (73) p resen t a g e n e ra l­
ized  approach to the eddy d if fu s io n  model. They used 
two d e te cto rs  and considered  the d if fe re n c e  in  the response 
curves a t the two d e te c to rs  to any pu lse  in je c t io n  upstream . 
They showed th a t  the t r a c e r  could be i n j e c t e d  a t some con­
ven ie n t p o s it io n  p r io r  to  the system under co n s id e ra t io n  
and could be sampled befo re and a f t e r  the system .
S a te r and Le v e n sp ie l (74) used the two d e te c to r 
techn ique o f B is c h o f f  and L e ve n sp ie l (73) but showed th a t 
the t a i l  o f the response c u rv e , to  any form o f in je c t io n ,  
decayed e x p o n e n t ia lly . Using t h is  fa c t  they developed 
an a n a ly t ic a l  techn ique fo r  the accu ra te  e v a lu a t io n  o f the 
v a r ia n ce  o f the d is t r ib u t io n  upon which the t a i l  o f the 
curve has a la rg e  e f f e c t .
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CHAPTER 3 
THEORETICAL CONSIDERATIONS 
3♦1 P la te  e f f ic ie n c y  and p a r t ia l  l iq u id  m ixing
I t  has been shown by va rio u s  workers ( s ec t io n  2 . 4 )  
th a t the degree to which the l iq u id  i s  mixed on a 
d i s t i l l a t io n  t ra y  has a la rg e  e f f e c t  upon the t ra y  
e f f ic ie n c y .  The fo llo w in g  approach to p a r t ia l  l iq u id  m ixing 
i s  based upon work by Foss e t .  a l .  ( 2 8 ) ,  Danckwerts (70) 
and Campbell ( 18 ) .
I t  i s  assumed th a t
1 . the l iq u id  e n te r in g  the t ra y  c o n s is ts  o f 
sep arate  packets o f f lu id  each destined  to 
re s id e  on the t ra y  fo r  a s p e c i f ic  t im e ,
2 . the gas passes up through the l iq u id  in  p lug 
f lo w ,
3 . the o p era tin g  and e q u ilib r iu m  l in e s  are 
s t ra ig h t  fo r  a p a r t ic u la r  t r a y ,
4.  the gas i s  e q u a lly  d is t r ib u te d , a t any in s t a n t ,  
between a l l  f lu id  e lem ents,
5 . the l iq u id  i s  e q u a lly  d is t r ib u te d , a t any 
in s t a n t ,  over the e n t ire  t ra y  a re a ,
6 . the p o in t e f f ic ie n c y  as defined  by equation
2 . 3 1  i s  constant a t a l l  p o in ts  on the t ra y
The res id en ce  time d is t r ib u t io n  fu n c tio n  f ( 0 )  can 
be defined  b y ,
"the q u a n tity  f ( 0 ) d0 i s  the f r a c t io n  o f the f lu id  
le a v in g  the t r a y  th a t has re s id e d  on the t ra y  fo r  a time 
between 6 and ( 0 +d0 ) i?.
I t  fo llo w s  from t h is  d e f in it io n  and the f i r s t  assumption th a t 
the d i f f e r e n t ia l  q u a n t ity  o f f lu id  Lm f ( 0 ) d0 lb .m o les/h o u r 
w i l l  re s id e  on the t r a y  fo r  a tim e between 0 and ( 0+d0 ) i f  
L i s  the m olar l iq u id  flow  r a t e .
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C onsider a d i f f e r e n t ia l  se c t io n  o f the fro th  on 
a d i s t i l l a t io n  t r a y  taken  p e rp en d icu la r to  the d ire c t io n  o f 
l iq u id  f lo w . Le t t h is  se c t io n  be at a d is ta n ce  z from the
t ra y  in le t  and be o f th ic k n e ss  d s , w idth dw and extend over
the f u l l  f ro th  h e ig h t Zf . At some in s ta n t  le t  the packet o f 
f lu id  Lm f (Q)  d0 flo w  in to  the d i f f e r e n t ia l  se c t io n  and be
rcontacted by an amount- o f gas Gm lb .  m oles. Le t x ( 3 , e )  
the mole f r a c t io n  o f so lu te  in  the l iq u id  stream  a t p o s it io n
2 and time 0 and l e t  y ( 2,0  ) be tne corresponding mole
f r a c t io n  o f so lu te  in  the gas phase.
Lmf ( e ) d e  
X ( z 5 0)
Lmf ( 0 )  cie
X ( 2 s 0 ) + d  X ( Z , 0 )
y .m
I f  the f lu id  packet Lmf ( e ) d 0 flow s down a channel 
o f a re a , a t r ig h t  ang les to f lo w , equal to Zf .dW then i t  
w i l l  re s id e  on the t ra y  fo r  a time t .
where t  a Z„dW f
Lm f (0)  de 3 . 1
i f  t  i s  the mean res id en ce  time o f a l l  the f lu id  elem ents 
on the t ra y
then t  a W z ~
3 . 2
m
dW _ 0f ( 0 ) d0 3 . 3
W "
where 6 - d im ensio n less time
and 0 = £
t
The gas i s  even ly  d is t r ib u te d  over the t r a y  and
thus
g!  dW dzm-----------—n---
O '  -  W ZLm
where z  ^ - t r a y  leng th  between in le t  and o u t le t
s u b s t itu t in g  fo r  the r a t io  —  from equation 3 - 3  we o b ta in
° »  = °m 0 f <6 > p  ■ 3 . l|
/ml to.
A m a te r ia l balance o f so lu te  over the d i f f e r e n t ia l  se c t io n
can be se t up i f  any lo s s  from the se c t io n  by d if fu s io n  to
the surrounding f r o t h ,  i s  igno red .
L f ( 6 )d0 x ( z 30 ) + G 0 f ( 0 )  d0 dz
m z inJb
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thus d iv id in g  3 .1  by 3 .2  and rearranging
= Lm f (e )d e x ( z 3e) •!' d| x ( z , 9 )j I + G 6f (0 )d9dz  y ( z 3e)
ZL
thus Gm0 ( y ( z 3e) - y i n ) az = - L ffl d [ x ( z 30 ) j  3 . 5
ZL
the p o in t e f f ic ie n c y  EqG i s  de fined  as
E = y ( 2 s o) -  y i n
OG -t t--------- ——  2.31
y (z , 0 ) - y in
i f  H en ry 's  law  y = mx+b i s  assumed to  hold then equation
2 . 3 1  becomes
y ( s s e)  - y in  = m eqg ( x ( z , e )  - x i n ) 3 . 6
the s u b s titu tio n  o f  equation 3 .6  in to  3*5 leads to
where A = mGm
Lm
in te g ra t in g  between the p o in ts  (z=O5x ( z , 0 ) = x  ^ j 
and ( z  = z ,  x ( z 50 ) = x ( z , 0) )  leads to
x ( z >6) = x in  + (x in "  r in )  exP ( “ A6Eof, j )  3 .7
L
the s p e c ia l co n d itio n  o f t ra y  e x i t  when z=z^ g ives
x ( Z L ’ 0) = Xin  + (x in  " r i n 5 exp t-A O E^ ) .. 3 . 8
Equation  3 .8  g ives the co n ce n tra tio n  o f the f lu id  element 
L f ( 0 ) d0 when i t  le a ve s  the t r a y  a f t e r  a tim e o f re s id en ce  
o f 0 .
Mean mole f r a c t io n  o f a l l  _ y~x ( 0 ) L  f ( 0 ) d 0
, , “  rf______ H...... .............................  -z
the f lu id  le a v in g  the t r a y  ^  f  (e)de+/»x (  v e )L mf  (e)dO
Assuming th a t the co n ce n tra tio n  o f so lu te  i s  s m a ll , then the 
denominator o f equation 3 . 9  reduces to L
 -----   „co ,Hence xQut = / Qx ( z L , 0 ) f ( 0 ) d 0  
and s u b s t itu t in g  fo r  x ( z T , 0 ) from equation 3 . 8Jj
sk ^-r t OO (JJ
xout = f o x in  f ( e ) d e  +/o {x in “ x in )  exp (-X aE0 0 ) f ( 6 )d 0
* * co
xout = Xin  + (xin - x i n ) / o eXp ( - W E 0 0 ) f ( 6 )d 8 3 . 1 0
Now the Murphree l iq u id  phase e f f ic ie n c y  i s  de fined  as
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xout " outle4:: co n ce n tra tio n  th a t would be in  
e q u ilib r iu m  w ith  the e x i t  vapour.
S ince  the o p era tin g  and e q u ilib r iu m  l in e s  are s t ra ig h t  over 
one t ra y  then
where xou  ^ ** mean o u t le t  concentration
( x in xout  ^ ^  xout * ) x in 3 . 1 2
s u b s t itu t in g  fo r  x t  from equation 3 . 1 0  in to  equation 3 . 1 1
EML(x in  " * S u t ) = x in  '  x in
*
'in(x in  * X- ) J  3 .13
where I  =/* e x p ( - X 0EOG) f ( 0 )d6 3.14
re a rran g in g  equation 3 . 1 3  and s u b s t itu t in g  fo r  from
equation 3 . 1 2
ft x .ML in E x . — x *ML[ m   ^ out + x in
= x in~x in ” x in I+ x in  1
EML x in  " ( X .n - xQut + X x . n)  = ( x . n - x . n ) ( l - I )
s u b s t itu t in g  fo r  xQUt from equation 3 . 1 0  and grouping l ik e  
fa c to rs
* % L (xin  ” X?^ -  -  x?n+ E ^ I ( x in -  f iA = ( x .n~x?n )
( 1 - D
from which E
M l
l - I
s u b s t itu te  fo r  I  from equation 3 .14
EmL = 1 “ / o exP ( “ E^0GG ) . f ( 6 ) d 0
T co1 - f(1 - S o exp(--AEO6 0 ) . f ( O ) d 0
3 .1 5
T h is  e xp ress io n  was f i r s t  developed by Foss e t . a l .  (28) 
to g eth er w ith  a s im i la r  e xp re ss io n  fo r  the Murphree Vapour 
E f f i c ie n c y .  I t  i s  obvious th a t the use o f the above 
re la t io n s h ip  depends upon a knowledge o f the res id en ce  time 
d is t r ib u t io n  f u n c t io n ,f ( 0 ) ,  which i s  u s u a lly  on ly  a v a ila b le  
in  ta b u la r  form . The use o f an a n a ly t ic a l  fu n c tio n  fo r  
f ( 0 ) would g re a t ly  s im p lify  the use o f the r e la t io n s h ip .
3>2 F i t t in g  a M athem atical Model to the Residence Time 
D is t r ib u t io n  Fu n ctio n
A fu n c tio n  th a t seems to f i t  the res id en ce  time 
d is t r ib u t io n  fu n c tio n  i s
f ( 0 ) = aOb e"00 3 . 1 6
where a , b and c are  co nstan ts  
The norm alized d is t r ib u t io n  fu n c tio n  obeys the 
fo llo w in g  c o n d it io n s :
a the a re a  under the curve i s ,  by d e f in i t io n ,  
u n ity
OOthus / Qf (e )d 9  » 1 
b the mean re s id en ce  time on a d im ension less b a s is  i s  
u n ity
hence / “ 0 f ( 6 )d 0 = 1
£ the va r ia n ce  o f the d is t r ib u t io n  i s  de fined  as
6 2 = / *  (1 —0 ) 2 f ( G )  dG
The fu n c tio n  w i l l  be so lved  in  terms o f Gamma fu n c tio n s  
th a t are  de fin ed  by
“  6 6  -
f ( z )  = / “  e ~ *  dt 3 .1 7
/ o  f ( 0 )d0 =1
r00 n b “ C0 n/ o aG e d6 = 1
l e t  cO = <j>
so cdO = d p
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Using condition  }a*
hence a / ”  dd = 1
: ( b + l j
so using  equation 3 . 1 7
a r ( b + l )  = 1 3 . 1 8
Tb+I)
Using co n d itio n  *b ’
/ o O f ( 0 ) do = 1
/ ”  ae(b+1) e " 00 de = 1
using  the same s u b s t itu t io n  as p re v io u s ly  
/ "  e"+ <j,(b+1> a* = 1
^ l t + 2 )  ' 0
so using  equation 3 . 1 7
c
a  T(b+2 ) = 1
Tb+2)
or a (b+1)  r ( b + l )  = 1  . . .
(b+2)
-  6 8
Using condition ’ c f
/ “ (1~G)2 f(G)dO = a2
f (0)dO -2 / "  0f (0)dO +/oO2f(0)d0 = a2 
so using conditions Ja r and *bf
r°° ~ a (b+2) "C0 ,n 2 nJo aG e dO = a + 1
and using the previous substitution
r°° , (b+2) ,, 2 _a /  o e H <t> dd> = a + 1
Ub+37
and using equation 3.17
TF+3)
a r(b+3) = o2 + 1
a (b+2)(b+l) r (b+l)  = + 1
, (b+3)
Equation 3.18, 3*19 and 3.20 can be used to
2evaluate the constants a, b and c m terms of a
equating equations 3 . 1 8  and 3 . 1 9
a r(b+l)  = a (b+1) r(b+l)
(b+1) 7Tb+2)
so c = (b + 1)
substituting equation 3.19 into equation 3.20
b + 2 _ o'2 + 1
c
a n d  s u b s t i t u t e  f o r  c  f r o m  e q u a t i o n  3 . 2 1
b = 1 - c 2
a 2
3 .2 0
3 .2 1
3 . 2 2
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substituting equation 3.22 into 3.21
o = §2 3.23
substituting equation 3.22 and 3.23 into equation 3.18 
leads to _
a 1+ 2 )
( | 2 ) ( a 2)
3 . 2l)
substitution of equation 3.22, 3.23 and 3.24 into equation 
3 . 1 6  gives
f ( 0 ) = ° . -----------------© a 3 . 25
2
' c °  r —2
The function form of the residence time distribution 
function was f i r s t  introduced by Foss e t . a l .  (28) and the 
proof shown above was developed by Campbell (18)
3.3 Combining the Residence Time Distribution Function with 
the Efficiency Relationship
The general liquid phase efficiency equation relating 
the Murphree plate and point e f f ic ienc ies  is
COw - 1 -/o exp(“XEnp0) f(G)d0
‘ ■ml.  --------- ^ ^  :  3 • 15
1 - X (l~/o exp(-XEOG0).f(0)d0)
For a liquid phase controlling system such as oxygen- 
glycerol solution-air  equation 3.15 may be modified because 
the Henrys Law constant m will  be large hence
A » 1
The denominator of equation 3.15 thus approximates 
to unity
00ETiTT = 1 -/o exp (“ AEo„0) f  (0 )dG 3.26
Gerster e t . a l .  (19) have shown for liquid phase controlled 
systems
AEog = Nl
so = 1 “* / 0exp(-NLe) f(0)d0 3 .2 7
rewriting equation 3.25 in the form
21“ G -  0
f (e )  = g a
2 J a*
K
3 .2 8
_ 2
2 I
where K = aa f 2 3.29
substitution of equation 3.28 into equation 3.2? gives
( - |  x t y  )
e ML = 1 -  ' I ©  e x P ( "N L ) . e  a 0 0 de
I 00 ,
Ewrr. = 1 “ xf/o exp (-6(Nt + - * )  0ML K L 2 a
d9
le t  p = 6(Nl +
a
so d<j> = (Nl + - 2 ) dQ
a
so substituting
noting that the integral part of equation 3.30 is  a Gamma 
function, then the equation becomes
^'IL 1  i --------  1 T o 2
K(Nl+ 2) a2
which after  substituting for K from equation 3.29 gives
to 7 1  ..
-I la  r io(N +±2) a2 a2 o‘ L o c
- 1 2
S0 EMl = 1 ~ (Nl q" * 1) ° ___ 3,31
This relationship was originally derived by Foss e t . a l . (28),
3.4 Diffuslonal Model for Liquid Phase Mixing
Mathematical models fox’ liquid mixing have been 
developed (section 2.43) for many different system 
configurations by various workers (70,71*72,73*75). The 
ea r l ie r  workers (7 1 *7 2 ) assumed the in jection of a perfect 
delta function into the fluid entering a system and the 
measurement of the response at some other point in the 
system. Bischoff (75) showed that because a perfect delta 
function in jection was impossible, the measurement of the 
response, to any pulse in jec t ion ,  at two separate positions 
was necessary i f  high accuracy was to be obtained. , In his 
c lassic  paper with Levenspiel (73) he developed solutions 
for the most general systems. The relationships presented 
are, however, extremely cumbersome and so the authors 
suggest that,  for practical  use, some simplifying 
assumptions should be employed.
Campbell (18) reported work on a sieve tray where 
he used a pulse in jection at the in le t  weir and detected the 
response f i r s t l y  at the outlet weir and then at the base of
72
the downcomer. He suggested that providing the time of 
in jection was very short compared with the mean residence 
time of the liquid 011 the tray the pulse could be considered 
to be a perfect delta function. Preliminary work for the 
present study suggested that the in jection technique of 
Campbell could be tidied up to give a very good approximation 
of a delta function. I t  was therefore decided to base the 
mathematical model on the delta function in ject ion approach 
of Van der Loan (72) rather than the mere general and more 
accurate approach of Bischoff and Levenspiel (73).
Previous workers on liquid mixing on d is t i l la t io n  trays 
(18,28) have assumed that the tray may be considered to be a 
doubly in f in ite  system. At f i r s t  sight this may appear to 
be rather sweeping because there are two distinct  mixing 
zones, namely the tray and i t s  associated downcomer.
Campbell (18) measured the amount of mixing taking place in 
both sieve tray and sieve tray/downcomer systems and found 
they were of the same order of magnitude. I t  is  thus possible 
to consider the liquid flowing down a d is t i l la t io n  column to 
be in a continuous zone of uniform mixing and so the doubly 
in f in ite  system does seem appropriate.
The basic relationship of the Eddy Diffusion Model 
arises from a material balance at some plane, a distance x 
from the start  of the system, following a pulse in jection at 
time zero into the fluid entering the system.
u ac 
dx
dc
dt
2 .4 9
x - distance from system inlet
t -  time from instant of in jection
c - dimensionless concentration 
The equation can be converted to a dimensionless form
1 d2 c - do _ de • • 3 .3 2
PE dz2  dZ ’  d0
where PR - Peclet number
z - distance
6 *“ dimensionless time
Figure I I I  - 1 is  a diagrammatic representation of the 
system to be considered which corresponds to case seven in 
Van der Laan?s (72) paper. The equation 3*32 can he solved 
by the use of Laplace transforms and the relevant boundary 
conditions
c = 0 for a l l  2 at 0 = 0“ 3-33
c is  f in i te  as z~> + 03 for G>0 3*34
Van der Laan showed that i t  is  unnecessary to perform the
cumbersome back transformation because the mean and variance
of the response curve to a Delta function can be obtained 
by considering the f i r s t  and second derivatives of the 
Laplace transform with respect to the Laplace operator and 
taking the limit to zero. He gives the relationships
= 1  + 2/ P 3 . 3 5
E
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w h e r e  DR -  e d d y  d i f f u s i o n  c o e f f i c i e n t
where 0 - mean of dimensionless response curve
E
P^2Hi
a n d  a 2 = 1 ( 2 P P + 8 )  3 . 3 6
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2 .where a - variance of the dimensionless response curve
The dimensionless variance may be calculated from the time
2 . based variance, , using the relationship
crt 2 = a2 (V/v)2 3.37
where V - active volume of system 
v -  volumetric flow rate 
The mean residence time of a comparable system, flowing in 
”plug flow”, can be considered as
t L = V / v  • 3 . 3 8 -
The mean of the time based response curve may be defined as 
t  and is  related to <f> and t by the relationship
h  -  W  3 - 39
3.5 Diffusional Model for Vapour Phase Mixing
Foss e t . a l  (28) have assumed in a theoretical
approach to the e ffec t  of liquid mixing upon plate 
eff ic iency ,  that the gas passes through a d is t i l la t io n  tray 
in”plug flow”. They have reported deviations between the 
predicted and measured plate e ff ic ienc ies  which increased 
as the liquid rate and weir height were increased and as 
the gas rate decreased. They concluded that the deviations 
were due to “non uniform froth conditions” but the author 
feels  that a contributory factor may be the degree of gas 
mixing.
The expected residence time of gas on the tray 
is  approximately 0.7 seconds. I t  thus seems impossible to 
produce an in ject ion that is  short enough to be approximated 
to a Delta function. I t  was therefore decided to use the 
double sample model proposed by Aris (76) which was so
successfully used by Bischoff (73*75)
Aris (76) corrected by Bischoff (73*75) used the 
approach of Van der Laan (72) to solve a system where the 
tracer is  injected at some point downstream of the test  
section and detected at either side of the tes t  section.
The amount of mixing taking place in the vapour 
phase before, within and a f ter  the frothing mass on the tray
is  assumed to be of the same order of magnitude so, as a
f i r s t  approximation the system will  be considered to be 
doubly in f in ite  (figure I I I  ~ 2)
The basic eddy diffusion equation is
1 d2c dc _ dc 3.32
pk ^ 2  -  s  ~ T o
The Laplace transform approach of Van der Laan 
using the boundary conditions
C(+ 00) is  f in i te  3.40
C=0 at 0 = 0 for a l l  x 3.41
leads to the relationships (75)
Ap = 1  3.42
Ao2 = 2 /P. 3.430
where Au - difference in the means of the response 
curves at the two measurement positions,
2A a - difference m the variance of the response 
curves at the two measurement positions.
3■ 6 Tailing Technique for Response Curve Analysis
Levenspiel and Smith (71) showed that the response 
of a system to a perfect Delta function input decays 
exponentially with time. Sater and Levenspiel (74) reported 
that the response to any form of pulse in jection also decays
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exponentially and these authors also pointed out that a 
small error in the concentration measurement at the t a i l  of 
the curve would cause large errors in the evaluation of the 
second moment about the mean. They developed a method of 
overcoming the inaccuracy due to the concentration 
measurement at the t a i l  by using the exponential decay. Their 
method has been modified in the present work for use on a 
d igita l  computer.
Let c be some concentration below which i t  is  
impossible to measure the tracer concentration accurately. 
Considering one particular response curve le t  the 
concentration c occur, in the t a i l  of the curve, at some 
time T a fter  in ject ion.  The point (c,T) is  known as the 
cut off  point.
Let c ’ be some tracer  concentration occuring in 
the t a i l  of the curve where the concentration is  fa l l ing  
exponentially with respect to time. The concentration c ! 
occurs at time T* and such that
c ’ >c and T >T? 3<>44
The t a i l  of the response curve decays exponentially
so
c (t ) = a e~bt 3.45
where c ( t )  - concentration at time t 
t  - time a fter  in jection 
a,b -  constants 
lienee the portion of the response curve between 
concentrations c* and c can be f i t ted  to equation 3.45 using 
the method of least squares so evaluating the constants a 
and b .
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Th e  mean o f  t h e  r e s p o n s e  c u r v e  i s  d e f i n e d  b y
”  79 -
H = / o  t  c ( t )  d t  3 . 4 6
/  \J o c ( t )  d1
and the variance b y
oo Dp f o  t  c ( t )  dt ?
<  = 75----------------------  - U 3.47/ o c ( t )  dt
The reponse of a system to a pulse input of tracer 
material can be measured (sections 5 .2 .3  and 5 .2 .4 )  such that 
a voltage proportional to the tracer concentration is  logged 
at descrete time intervals .  Thus the response function is  
available in tabular form rather than as a continuous 
analytical function.
The integrals in equations 3.46 and 3.47 may be 
considered as a sum of two integrals from zero to T and T 
to infin ity  respectively. The f i r s t  integral can be • 
written in f in i te  summation form and the second can be 
evaluated analytically using equation 3.45
oo rn qq
/ o  c(t) dt = / o c ( t )  dt + 4  c ( t )  dt
t=T . .
E c ( t )  At + ae~L dt 
t=o 1
*. /^ c ( t )  dt = c ( t )  At + a/, e 3.48
t=o
/ *  t c (t)dt = / J  t  c ( t )  dt + / !  t  c ( t )  dt
t c ( t )  At + /m a t  e dt
t=o
. * . / o t  o(t)  dt = ^  t  c ( t ) At + a/ 2 ©*bT(bT+l) 3.49
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/o*t2 c ( t )  dt = /"J t 2 c ( t )d t  + t 2 c ( t ) dt
£ t c(t)At + /rp a t  e dt 
t=o
-hT
/o t 2 c(t)dt  = t f T t 2 c (t ) At + a/h3 e
t=o D
(b2T2+2bT+2) 3.50
where At - time interval between samples 
Equations 3.48, 3.49 and 3.50 can be substituted into 
equations 3.46 and 3.47 hence relating the mean and variance 
to the experimentally determining response curves. The use of 
a digita l  computer is  essential  for speedy and accurate 
calculations of the means and variancies of the response 
curves especially i f  automatic data logging is  to be 
ut il ised .
Three separate response curves will  be taken for 
each set of column conditions because flow in s ta b i l i t ie s  may 
well lead to random fluctuations. The separately calculated 
means and variancies will  then be averaged.
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CHAPTER 4
The experimental work was designed to allow the 
investigation of factors affecting the performance of 
d is t i l la t io n  and absorption columns using an Air/Aqueous 
Glycerol simulator. The practical  programme was limited 
to work on a sieve tray/downcomer system chosen because of 
i t s  simplicity and also because the degree of aeration on a 
sieve tray is  greater than on other common contacting 
devices. Prom the point of view of the hydrodynamic and 
mixing studies of frothing systems, sieve trays are 
therefore, most suitable because they present a worse case.
Preliminary investigations and calibrations were 
performed prior to the start  of the main experimental 
programme. The programme can conveniently be divided into 
four sections.
4.1 Hydrodynamic Study
This study is  concerned with the a f fec t  of 
operating conditions and column geometry on the 
hydrodynamic behaviour of the aerated liquid mass flowing 
across the sieve tray and down the downcomer. Attempts were 
made to simulate industrial conditions in the column by 
using liquid rates up to 3000 gallons/hour/foot of weir and 
a ir  rates up to 30,000 f t 3/hour. The two weir heights used 
were the usual industrial maximum and minimum values for 
absorption columns namely 5” and 2H. The following 
measurements were made
E X P E R IM E N T A L  PROGRAM M E
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1 . Air flow rate
2. Liquid flow rate
3. Froth height on the sieve tray
4. Froth height in the downcomer
5. Dynamic head profile  across the sieve
6. Clear liquid height in the downcomer
7. Pressure build up in the downcomer
8. Head loss in the downcomer underflow
9. Total tray pressure drop
The operating range chosen compliments that of 
Campbell (18) and the results will  be presented in the 
form of jo int  design correlations.
4.2.  Mass Transfer .Study
Mass transfer  studies were conducted on the sieve 
tray and sieve tray/downcomer systems. The gas-liquid 
system .chosen for this  series of experiments was the 
air/aqueous glycerol/oxygen system. Oxygen has a very low 
solubility  in aqueous glycerol solutions and hence the 
system may be regarded as completely liquid phase controlled.
Zuiderweg e t . a l . (25) have reported that the mass 
transfer process can have an appreciable a f fec t  on the 
frothing tendency of liquids. The hydrodynamic study was 
therefore repeated during the mass transfer study.
The method of predicting the plate efficiency for 
real  systems by separately determining the amount of mass 
transfer taking place in the gas and liquid phases appears 
to be well established (section 2 .3 .2 ) .  Hence the 
relationships between the single phase e f f ic ienc ies  and 
the column operating variables is  very important.
The liquid phase mass transfer eff ic iency was 
investigated as a function of liquid flow ra te ,  a i r  flow 
rate and weir height.
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4.3 .  Liquid Phase Residence Time Distribution Study
Liquid flowing across a d is t i l la t io n  tray seldom i f  
ever travels from in le t  to outlet without mixing in the 
direction of flow. The mixing is  usually incomplete and so 
a concentration gradient exists  in the liquid phase. The 
mixing causes some liquid to reside on the tray for periods 
longer and/or shorter than the time of residence of other 
portions, and hence the plate efficiency will  be affected by 
this distribution of residence times. Thus a knowledge of the 
factors which affect  the liquid residence time distribution 
and hence the extent of liquid mixing on a d is t i l la t io n  tray 
is  of great importance in predicting plate performance.
The liquid residence time distribution and the 
extent of mixing were investigated as a function of liquid 
flow rate,  on flow rate and weir height.
4.4. Vapour Phase Residence Time Distribution Study
The theory of Foss e t .  al .  (28),  which is  based 
on the residence time distribution of the liquid phase, 
re l ies  on the assumption that there is  no mixing in the 
vapour phase. This theory is  one of the most comprehensive 
available for the prediction of plate efficiency and so i t  
was decided to tes t  the major assumption about vapour mixing.
Workers to date have assumed that vapour flows 
through the frothing mass on a sieve tray, without mixing.
The usual vapour velocity, based on a columnTs perforated 
area, is  of the order of 7 f t /sec .  which means that the 
vapour flowing through an empty column will  have some 
definite velocity profile  and hence a distribution of 
residence times. When the additional agitation of the 
vapour, caused by the liquid on the tray, is  considered, 
i t  seems reasonable to assume that the vapour flowing
-  84 -
through the tray will  be mixed to some extent,
The vapour phase residence time distribution and 
the extent of mixing were investigated as a function of liquid 
flow rate,  a ir  flow rate and weir height.
CHAPTER 5 
APPARATUS
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.5 «1 Primary Equipment
Figure (V-l) shows the primary equipment and the 
general layout of the equipment as used for the Hydraulics 
and Mass Transfer studies. As well as the column, the 
necessary liquid and a ir  systems are considered as primary 
equipment.
5 .1 .1  Sieve Tray Data
Length of Tray 3 ’ 0 "
. Width of Tray 1 ’ 0 "
Tray thickness 0.112"
Hole diameter 0.125"
Hole pitch 0.375" A
Humber of holes 1100
Area of perforated zone 142.5sq.ins.
Inlet  calming section 4.5"
Outlet calming section 6.0"
Distance between last  row of holes
and column wall O.8 7 5 "
Distance between in le t  and outlet weirs 24.25"
Tray spacing 24.0"
Outlet weir height 2" and 5 "
Length of weirs 12.0"
Inlet  weir height 3,0"
5 . 1 . 2  Downcomer Data
Length of Downcomer 24.0"
Inside breadth of Downcomer 11.25"'
Inside width of Downcomer 5 . 0 "
Gap between tray and lower edge of
Downcomer 2.75"
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The basic column shown diagramatically in figure 
(V-2), consisted of a two tray apparatus of f lexible  design . 
so that trays, downcomer and weirs could be easily changed. 
The column was f i t ted  with external perspex downcomers which 
permitted visual observation of the frothing liquid in them.
The column length in the direction of liquid flow 
was three feet and the width was one foot thus giving a 
cross-sectional area of three square feet .
The column consisted of three stainless s tee l  boxes 
connected one above the other using bolt through flanges 
which were sealed with rubber gaskets. Each section was 
f i t ted  with a large perspex window so as to make the trays 
and downcomers accessible and to permit observation of the 
frothing liquid. The lower box, which was one foot three 
inches long by one foot one inch high, served as a windbox* 
i t  was f i t ted  with a perspex window so that weeping from the 
bottom plate could be observed. The a ir  entered this box via 
a six inch I.D. pipe set perpendicularly to the lower tray 
with the pipe axis in lime with the centre of the perforated 
region of the lower tray.
The central box, which was two feet high, 
contained one sieve tray at the top, and one at the bottom. 
The upper box was two feet six inches high and the a ir  l e f t  
i t  via a six inch I.D. pipe, the f i r s t  s ix  inches of which 
f i t ted  with an interwoven copper gauze demister to prevent 
excessive liquid carry over into the fan.
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5 . 1 . 3  C o lu m n  D a t a
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FIG V - 2  C O LU M N IN SECTION
L IQ .UID
Al  R
4*5 13-5'
A IR
6 -O'' ,5* O'
A l  R
The a ir  flow was provided by a "Sturtevent*1 
No.30 GV7/30 single in l e t ,  narrow pattern high pressure fan. 
The fan was driven by belts from a 20 H.P tota lly  enclosed 
squirrel cage motor wound for 1450 r.p.m. at 3 phases,
50 cycles and 440 volts. The rated output of the fan -at 
2900 r.p.m. was 1200 cubic feet per minute against a head of 
42 inches water gauge. The maximum air  flow obtained from 
the fan under operating conditions was 520 cubic feet per 
minute. The s tar ter  for the fan was of the hand operated 
star  delta type f i t te d  with no volts and overload releases.
The a ir  flow is  shown diagramatically in figure 
(V-3). The a ir  from the fan entered the apparatus via a six 
inch I.D. galvanised pipe. The air  flow rate was measured 
in this in let  pipe by means of a Standard Brit ish  o r if ice  
meter of three inches diameter using D and D/2 tappings.
The o r if ice  meter was designed according to B.S.S.
1042 (1943).
The a i r ,  a f ter  passing through the o r if ice  meter, 
entered the windbox of the column and a f ter  passing through 
the perforations and liquid on each tray l e f t  the column 
via another six inch I.D. pipe. In the Hydraulic, Mass 
Transfer and Liquid Phase Residence Time work, a closed 
circuit  a ir  system was employed.
The a ir  in le t  pipe at the base was opened to the 
atmosphere by inserting a T piece. This imposed a neutral 
point on the a ir  system. The neutral point was the point 
in the system where there was no positive or suction 
pressure. I t s  position was fixed so that i t  would not 
move through the column causing in s ta b i l i ty .
-  89 -
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The a ir  for the Vapour Phase Residence Time 
work was used on a once through basis.  ''Fresh” a ir  was 
drawn into the base of the column and the used a ir  was 
exhausted, a f ter  passing through the or i f ice  meter, to the 
atmosphere 55 feet above"ground level.
The a ir  flow was controlled by a gate valve 
f i t ted  with a very finely threaded shaft thus enabling very 
fine adjustments to be made. The valve was f i t ted  in the 
suction side of the fan so that the maldistribution of the 
a ir  due to a partia l ly  opened valve did not affect  the a ir  
flow to the base of the column.
5.1 .5  Liquid System
The liquid was pumped from a 400 gallon holding 
tank by means of a double he l ica l  gear pump (Varley F.M.C. Ltd 
type DH60. The pump was directly coupled to a flame and 
explosion proof 3 H.P. motor wound for 1425 r.p.m. at 3 phases 
50 cycles and 440 volts.  The pump was specially built  with 
phosphor bronze gears and casing, and stainless s teel  shafts.  
I t s  rated output was 3000 gallons per hour at 1425 r.p.m. 
against a head of 15 psig.
Liquid from the pump outlet flowed via a coil  of 
50 feet of two inch I.D. pipe to the preheater/cooler.
Figure (V-4) shows diagramatically the liquid circulation 
system.
The preheater/cooler consisted of a nine foot length 
of concentric two inch I.D. and three inch I .D . ,  16 swg 
copper pipes. The annulus could be fed with either steam at 
25 psig or cold water at 12°C - l^C.
FIG V -  4  D IA G R A M  O F  L IQ U ID  C IRC UIT .
■THERMOMETER
After the liquid had passed through the 
preheater/cooler i t  passed through a rotameter and then to 
an open leader tank. The exit  from the leader tank was 
via a three inch I.D. stainless s teel  pipe f i t te d  with an 
adjustable conical check value to prevent a vortex forming. 
The pipe discharged the liquid behind the in le t  weir on the 
upper tray, whence i t  flowed over the calming section, over 
the perforated region and outlet calming section before 
flowing; over the outlet weir into the downcomer. From the 
top of the downcomer the liquid passed onto the bottom tray, 
which was identical with the top tray, and then discharged 
into the bottom downcomer. The liquid passed from the lower
downcomer into an inverted b e l l  where a ir  and liquid
disengaged. The liquid f inally  flowed back to the main 
holding tank. The flow was controlled by a by-pass valve 
at the pump outlet.
5.2 Mi s ce 11 ane o us Equiprnent
For convenience a l l  equipment other than the basic 
column, liquid and a ir  systems will  be considered in this 
section.
5 . 2 . 1 Pressure Drop and Dynamic Head Measurements
The dry plate and wet plate pressure drops were 
measured using; a water manometer one leg of which was 
connected to the a ir  space just  below and the other leg was
connected to the a ir  space above the tes t  tray.
The pressure build up in the downcomer was 
measured using a water manometer connected between the a ir  
space above the tes t  tray and the a ir  space below the 
cascade of liquid over the outlet weir at the top of the 
downcomer.
-  93 -
The underflow pressure drop was measured by taking 
the difference between two single leg water manometers 
connected to each side of the underflow weir. The upper end 
of each manometer was connected to the a ir  space below 
the upper tray.
The s t a t ic  head in the downcomer was measured using 
a single leg manometer, the bottom being connected to the 
base of the downcomer and the top being connected to the a ir  
space under the cascade over the outlet weir.
The dynamic head profiles  were obtained by using 
a series of single leg manometers along the length of the 
tray. The manometers had one leg flush with the floor of the 
tray and the other end was connected with the vapour space 
above the tray. The dynamic head on the lower tray at the 
underflow weir was measured using a similar manometer. For 
the dynamic head profile  on the test  tray the sample points 
were located at the following positions.
to 9 k
imple Distance from Fraction of
lint in le t  weir tray length
1 1.44" 0.06
2 4.50 0.19
3 6.94 0.29
4 9.31 0.38
5 11.81 0.49
6 13.69 0.57
7 15.75 0.65
8 17.88 0.74
9 21.69 0.90
Points 2 to 8 inclusive were in the bubbling zone. 
Figure (V-5) shows diagramatieally the manometer positions.
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The mass transfer system studied in the column 
was the stripping; of dissolved oxygen from the oxygen 
rich liquid, by the a i r ,  in the frothing liquid on the 
tes t  tray. The equipment concerned with the measurement 
of mass transfer may be divided into three sections.
5 .2 .2 .1  Oxygen Injection
Oxygen is  very insoluble in either water or 
aqueous glycerol solution and so the major problem 
associated with this  system was getting enough oxygen 
dissolved in the liquid before i t  reached the tray. I f  
insuffic ient  oxygen was dissolved the accuracy of the 
results would be poor. For this  reason the oxygen was 
fully dispersed in the liquid. A long contact time between 
the oxygen bubbles and liquid was ensured by the 50 foot 
co i l  of two inch I.D. pipe prior to the preheater.
The oxygen was led from a high pressure cylinder 
via a reducing valve, needle control valve and gas rotameter 
to a porous ceramic diffuser located in the pump in le t  pipe. 
The liquid and oxygen system was thus agitated by the pumping 
action.
The open leader tank x?as f i t ted  with baffles which 
caused any undissolved oxygen bubbles to dissengage from the 
liquid. Preliminary experiments were undertaken to determine 
the optimum rate of oxygen in jection into the liquid flow.
5 .2 .2 .2  Liquid Sampling
The experimental programme required knowledge of 
the oxygen concentration in the liquid at the tray in le t ,  
tray outlet and also at the bottom of the downcomer. For the
-  96 -
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particular oxygen analysis technique adopted for the 
experiments, a clear liquid sample was required. '
The column was on the suction side of the neutral
point in the a ir  c ircu i t  and so the absolute pressure within
the column was less than atmospherics The liquid at a l l  
points within the column was aerated, so to obtain a clear 
liquid sample, an aerated sample was sucked from the column 
and passed through a gas bubble separator (figure V~6).
The clear liquid sample was passed through the 
analysis ce l l  and then into the reservoir which was
maintained at a sl ight vacuum.
The accuracy of the analysis ce l l  was dependent 
upon the temperature and flow rate of the liquid sample.
The aerated sample was thus passed through a 5ft  length of 
3/16 inch I.D. thin wall copper pipe, coiled and immersed in 
a water bath maintained at 30°C - 0.1°C before being passed 
through the gas bubble separator. , The clear liquid sample 
therefore reaches the c e l l  at 30°C - 0.15°C. The sample 
passed through a rotameter positioned between the analysis 
ce l l  and the reservoir.
The gas bubble separator (figure V-6) allowed 
time for liquid and gas to disengage. The gas was passed 
to the same reservoir as the liquid and by adjusting the 
clip valves on the respective tubes, the gas separators were 
maintained three quarters fu l l  of clear liquid. The complete 
sample c ircu it  is  shown in figure (V-7).
-  97 -
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The usual technique of measuring oxygen 
concentration levels in the air-water simulator has been to 
withdraw a discrete liquid sample and analyse chemically.
The Cambridge Instrument Company has developed a continuous 
conductivity c e l l  for determining oxygen concentration in 
liquids and three of these were used in this part of the work. 
A photograph of one of these ce l ls  is  shown as figure (V-8).
The e le c t r ic a l  c ircu it  associated with the 
detection units is  shown in figure (V-9). The potential 
across the resistance chain in series with each ce l l  v/as fed 
to a multipoint recorder where the potentials were displayed 
as dotted traces .
5 - 2 .3 - Liquid phase Residence Time Equipment
The distribution of residence times of fluid in a 
steady flow system is found by determining the time of 
passage, from in le t  to outlet of the system, of a tracer 
material having precisely the same flow behaviour as the non- 
tracer  material.
5 .2 .3 .1  System and Tracer
An accurate method of determining the residence 
time distribution of a system is to determine the 
distribution at both the in le t  and outlet of the system and 
to evaluate the systems distribution by difference. The 
tracer should be injected into the non tracer material at 
some point before the f i r s t  measurement position. The 
behaviour of the tracer  material within the system should 
be identical to the non tracer material. The tracer
-  1 0 0  -
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should be completely miscible. with the base material and 
should not be d if feren t ia l ly  adsorbed, reacted or retained 
by the system. The tracer  should be easily detected with 
high accuracy and should be capable of easy disposal.
There were three possible systems considered for 
the residence time distribution determinations
a. Sodium Chloride solution tracer with a 
conductivity detector.
b. Radio active Sodium Iodide solution tracer 
with an appropriate detector
c. Dye solution tracer  with a l ight and 
photocell detector.
The Sodium Chloride solution method was not used 
because the conductivity ce l ls  are small and so sample a 
small cross section of the liquid flow. The radioactive 
tracer was not used because of the high response time of 
the detectors and high cost of both detector power supplies 
and integrators. The dye solution method was successfully 
used by Campbell ( 1 8  ) and with minor alterations i t  was 
considered most suitable for this work. The flow sheet of 
the dye tracer and photocell detection method is  shown in 
Figure (V - 10).
The tracer used throughout this part of the 
work was a concentrated solution of the dye "Nigrasine” in 
water. The dye gives a very intense dark blue solution and 
is  detectable down to a concentration of 150 p.p.m.
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The detection unit consisted of two hollow 
rectangular brass prisms both f i t ted  with a ground glass 
window. One prism housed a 21 watt, 12 volt bulb and a small 
piano convex lens was f i t te d  onto the window. The lens 
produced an intense paralle l  beam of l ight .  The other prism 
housed a Mullard 90AV valve photocell so positioned that 
when the two prisms faced each other, the l ight beam 
illuminated the active film of the photocell. The path 
length between the two prisms was eight inches.
Figure (V -  11) shows the detector as constructed 
for use at the outlet or in le t  weir of the tray. A small 
portion of the liquid passing over the central  eight inches 
of the weir was passed through the detector between 'the 
l ight and photocell overflowed into either the downcomer 
or the tray.- A small mesh phosphor bronze gauze was placed 
over the in let  of the detector in order to minimise the 
number of gas bubbles carried into the detector. Gas 
bubbles appeared black to the photocell so would cause 
excessive noise to appear on the signal trace.
Figure (V - 12) shows the detector as constructed 
for use at the bottom of the downcomer. In this case the 
entire liquid flow was passed through the c e l l .
Figure (V -  13) shows the c ircu it  used for the 
photocell balancing unit and amplifier. The power source 
for the photocell was two 90 volt batteries although the 
actual voltage applied to the ce l l  was controlled by the 
resistance R-, » The voltage to balance the standing 
potential on the load resistance was supplied from
5 • 2 .  3 . 2 D e t e c t i o n  a n d  Dye I n j e c t i o n
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The output from the amplifier was displayed on 
a Honeywell 1706 four channel Visicorder. I t  was found, 
a f ter  preliminary experiments, that a chart speed of
2.5 m.m. per second was most suitable. The information 
was obtained from the traces by using the potentiometer 
and data logger described in section 5 .2 ,34 .
The dye was injected from a pressurised cylinder 
through a Solenoid Valve (Teddington Valve Company) to the 
distribution hoads. The valve was pulsed from a Venner 
Electronic Timing Unit usually using a 0.1 second pulse.
The spare contact on the master relay of the timing unit 
was connected to the second channel of the Visicorder so 
that an accurate indication of the in ject ion time could be 
obtained.
I t  is  important that the dye should be equally 
distributed on a plane of fluid normal to the direction of 
flow of the fluid. To f a c i l i t a t e  th is ,  a distribution lead 
consisting of three outlets ,  each set to produce a two way 
in jection was produced. The injections were designed -so that 
the dye was evenly distributed along the in le t  weir in the 
crest of liquid crest over the weir. The outlets were set 
at three inch intervals along the length of the weir and 
each was sealed by a carefully balanced Scharader valve.
-  109  “
r e s i s t a n c e  R^.
The absorption of l ight by the dye solution in the 
detector is  goverened by Beers Law.
I = x ,  10" abo 5 . 1o
where I = intensity of l ight striking the photocell
I = intensity of l ight entering the solution
a = path length over which absorption occurs 
b = molecular extinction coeff ic ient  for 
Nigrosine. 
c = concentration of Nigrosine
For the detection system used I  , fa ? and ?b f
are a l l  constants
so I = k. 10"k2c 5.2
where k^ and k^ are constants.
The characterist ics  of the photocell,  amplifier 
and recorder galvanometer were a l l  l inear ,  so the light 
intensity reaching the photocell was related to the 
galvanometer deflection by
I  = k ,  ~ kjj d 5 . 3
where d = galvanometer deflection 
and k^ and are constants.
So  c o m b i n i n g  5 . 2  a n d  5 . 3
I l l
k4 / v « 1 . 0  
3
thus, for small values of d
log ( 1 + 4 /  d ) f t -  ki|/, d 5.5
3 3
Thus equation 5.4 becomes
-  K4 / k 3d k 5 “  k 2c 5 06
However since the amplifier used is  of the balancing
type then
kc = 0 5
so 5.6 becomes
d c 5 0 7
This relationship was tested by plotting a 
graph of galvanometer deflection versus concentration 
(figure V-14). I t  is  clear that a linear relationship 
does exist  for deflections up to two inches so this was the 
maximum value used in the experimental work .
5 . 2 . 5 . 4 Abstraction of Results from the Visicorder Traces
The analysis of the tracer response curves was 
to be carried cut on the University 1905F computer and so 
tabulated values of tracer  concentration at various times 
after  the i n i t i a l  in ject ion were required. The usual 
method of obtaining these values was to measure the curve 
heights at some time increment and punch these values onto 
a computer data tape. The two operations of punching and 
curve height measurement were combined using a potentiometer 
and data logger.
Now c o n s t a n t s  a n d  w e r e  f o u n d  t o  b e  s u c h  t h a t
-  1 1 2  -
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Figure (V-15) shows the apparatus- used for the 
curve height logging, A 250 m ill ivolt  potential was applied 
across a 15 centimeter length of wire. A knife edge could be 
moved along the wire. The knife edge thus tapped off  a 
potential directly proportional to the distance displacement 
from one end of the wire. The recorder trace was moved under
the wire and an adjustable guide ensured that the base line
of the trace always lay under the same point of the wire.
Thus the knife edge tapped off a potential proportional not 
only to i t s  displacement from one end of the wire but also 
from the base line of the recorder trace. So the chart could 
be set under the potentiometer wire and the knife edge could 
be set to coincide with the recorder trace. The potential 
thus tapped off  could be considered as being proportional to 
the displacement of the trace from the base l ine.  This 
potential was fed to a Solartron single input data logger,
where i t  was digitized and punched onto paper tape. The
trace was then moved on one time increment and the knife edge 
reset to the recorder trace.  A series of potentials 
proportional to the heights of the trace on the recorder 
output could thus be obtained. The data logger was 
triggered by a foot operated microswitch,
5 .2 .4 , Air Phase Residence Time- Equipment
The method used for determining the residence 
time distribution curve for the gas phase was similar to that 
used for the liquid phase. A tracer with similar flow 
properties to the a i r  phase was injected into the a ir  flow 
and i t s  concentration versus time profiles were determined 
before and after  the tes t  section.
-  113
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The anticipated mean residence time of the a i r ,  as 
i t  flowed through the tes t  tray, was of the order of 0.4 
seconds which necessitated a detector system with a response 
time of less than 2.0 milliseconds. With response times of 
this order the only easily operated detector systems were of 
the light and photocell, type. Systems using radioactive, 
acoustic or microwave type detectors were considered but 
a l l  were inferior  to the l ight and photocell systems.
Photocells with low response times were available 
for the v is ib le ,  near ultraviolet  and near infrared ranges 
of the spectrum. The vis ib le  range of the spectrum was 
ignored because there are no usable coloured gases.
The gas in the column was basically a ir  and water 
vapour which would not cause interference to a detection 
system operating in the near ultraviolet  range of the 
spectrum. However, a detailed investigation showed that no 
suitable tracer gas was available.
Work in the near infra red spectrum range would be 
complicated by the presence of water vapour and carbon 
dioxide. The absorption spectrum of atmospheric air  
(Figure V-16) show's that no interference would be suffered 
i f  the tracer gas absorbed in the wavelength range 3-0 to 
4.0 microns. At wavelengths around 3*5 microns gaseous 
hydrocarbons are known to have strong absorption bands.
Thus a tracer gas for work in this near infra  red region 
of the spectrum should contain as many single carbon to 
hydrogen bonds as possible.
5 . 2 . 4 . 1 .  T r a c e r  a n d  M e t h o d .
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The gas should have similar properties to wet a ir  
and should have a strong absorption at about 3.4 microns 
wavelength. Ethane was found to have a very strong absorption 
band at 3.375 microns (figure V-17) and, physical properties 
that were not far removed from those of a i r .  and so was 
chosen as the tracer gas.
The Ethane was injected into the a ir  stream below 
the bottom plate of the column. Below the tes t  plate the 
gas passed through a broad f l a t  beam of infra  red radiation. 
The variation of tracer gas concentration in the radiation 
beam was detected by measuring the intensity of the 3.375 
micron wavelength radiation. The gas passed through a 
similar beam just  above the froth on the tes t  plate.
Figure (V-18)) shows the external view of the column as 
modified for this  section of the investigation.
5.2.4 .2 Injection and Optics
The Ethane was stored in a cylinder, as liquid 
at 400 psig. The in jection was controlled by a Solenoid 
Valve (Teddington Valve Company) powered by a Venner 
Electronic Timing Unit. The vapour passed from the cylinder, 
through the solenoid valve, to a distribution head situated 
below the lower tray of the column. The distribution head 
was designed so that the tracer gas was equally dispersed 
over the plane at right angles to the a ir  flow at the 
in jection point. The distribution head was sealed by a 
spring leaded piston.
The optical system that was used is  shown 
diagrainmatically in figure (V-19). The light source was a 
50 watt, 12 volt tungsten halogen bulb with a wavelength 
distribution of radiation as shown in figure (V-20). The
-  1 1 7  -
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mirror behind the bulb was five inches diameter, surface 
silvered, with a 10 centimeter focal length. This mirror 
was adjusted so an intense paral le l  beam of radiation was 
produced.
The windows in the column were set to produce 
a f la t  beam of radiation five inches wide and half  an inch 
thick. The windows were made of carefully ground and 
polished In fra s i l  glass which had a transmission of 93% 
at 3-38 microns wavelength. The inside of the window was 
protected from water by cowls, across the entry of which, 
a high velocity j e t  of a i r  was directed thus preventing 
liquid reaching the glass.
The mirror at the detection side of the column 
was similar to the one at the source side except that the 
focal length was twenty five centimetres. This mirror was 
used to focus the radiation beam to an area of 3 . 0  square 
millimetres on the active s l ice  within the detection.
5 -2 .4 .3  Detection and Electronics
The detector for use in this  work needed to have 
a high response of 3-375 microns. The usual detector f o r  
wavelengths up to 4.4 microns is  a lead Selenide s l ice  
which unfortunately only has a moderate response at 3.375 
microns. However, Mullards Limited had released a lead 
Selenide solid state detector (specification A190) that had 
been widely used in some Government equipment. Although 
the fu l l  characterist ics  of these detectors had not been 
released i t  was decided to use them. The detector had a 
response time of two microseconds and a responsivity at 
3-3 microns of 380 volts per watts of incident energy.
-  1 2 2  -
The detector consisted of a Lead Selenide s l ice  
mounted inside a glass Dewar encapsulated in a. stainless 
s tee l  cylinder (figure V -21) .  The detector was designed 
for end incidence with a 120° view angle.
The resistance of the detector was very dependent 
upon temperature. Provision was made, in the encapsulated 
form, for the s l i c e  to be cooled by a cold finger inserted 
into the back of the Dewar. The detector was maintained 
at a temperature of 10°C ~ 0.1°C by means of a cooling 
finger supplied with cold water at the rate of about 1.0 
l i t r e s  per minute. The water was cooled in a thermostatically 
controlled bath and used on a recycle basis.
Even with the detector temperature controlled to
0 .1 WC the output of the ce l l  for a fixed intensity of 
incident radiation varied in accordance with the water 
temperature. An amplification of any output signal would 
only amplify this  base line d r i f t .  The radiation was 
therefore "chopped” at a frequency of 565 cycles per second 
thus converting the incident D.C. radiation into an A.C. 
radiation. The chopper was an aluminium disc with half  inch 
holes cut in the circumference on a one inch pitch. The 
disc was rotated at 1240 revolutions per minute by a sing:le 
phase motor. The light beam was chopped just  before i t  
passed through the f i l t e r .
The electronic circuitry  associated with the 
detection system was developed in the department and is  
shewn diagramatieally in figures (V-22) and(V~23). Care 
was taken that a l l  minor ripples on the D.C. voltages were 
kept to a minimum. The more c r i t i c a l  res is ters  were 
kept in small ovens so ensuring no value a lteration. All 
cables were carefully screened and only high accuracy
~ 123 -
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The technique required that the detector only 
"look” at the 3«375 micron radiation. An interference 
f i l t e r  (Grub Parsons - narrow band type) was f i t ted  just  
before the detector. The f i l t e r  only transmitted wavelengths 
between 3-2 and 3.6 microns and reflected a l l  others.
Figure (V-24) shows the detection system constructed around 
the column.
The output signal from the electronics was 
displayed on a Honeywell 1706 Visicorder. The traces were 
analysed in the same way as those from the liquid phase 
(see section 5 -2 .3 -4 )
5 .2 .4  .4 Detector Calibration
The absorption of radiation by the Ethane in the 
gas stream is  governed by Beers Law
1 = 1  1 0 ~ a b c  5 . 8o J
where I - intensity of radiation leaving source
I - intensity of radiation reaching detector 
a - path length over which absorption occurs 
b - molecular extinction coeffic ient of Ethane 
c - concentration of Ethane
For the optical system designed I  , ?a ? and 
no f are a l l  constant thus
I  = k 1 io '" k 2 c 5 . 9
where and k0 are constants
There will  be a constant radiation loss due to 
the optical system but this is  accounted for by the constant
-  1 2 7  -
c o m p o n e n t s  w e r e  u s e d .
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FIG V- 2 4
The detector and electronics were linear and had 
a relationship of the form
I  = k j  -  kjjd 5 -1 0
where d is  the galvanometer deflection.
Combining 5.9 and 5.10
-  129 -
A clv ^ —k cl = k-^10 * 2
so (1-Ad) = kglO*k2c
thus log(l-k^d) = ky  ~k0c 5.11
The amplifier is  of the balancing type thus 
when d = 0 0 = 0
so from 5.11 A  = 0
thus log(l-kjjd) = -kg0 5.12
for small deflections
log(l-*kr d) = -kr-d5 5
thus d a c 5 . 1 3
A calibration was carried out te tes t  the above 
relationship. Figure (V-25) shows that the calibration 
graph and i t  is  clear that for deflections of below two 
inches a. l inear relationship between deflection and tracer 
concentration does ex is t .
FIG V-25 CALIBRATION OF THE 
. ' * ETHANE DETECTOR
i--------- “j—
3 ^
ETHANE CONCENTRATION
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CHAPTER 6.
INITIAL CALIBRATION AND EXPERIMENTAL METHOD.
6 .1 . INITIAL CALIBRATION.
This section includes a description of the 
calibration of the liquid .rotameter, air o r ifice  meter 
and the dynamic head manometers.
6 .1 .1 .  Calibration of Liquid Rotameter.
The liquid rotameter was calibrated by noting 
the time taken to collect a specified amount of the liquid  
passing through the rotameter at any particular constant 
rotameter reading. Figure VI-1 is the calibration curve 
for the rotameter passing aqueous glycerol solution, at 
30°C5 of specific gravity 1 . 1 3 5 .
6 .1 .2 .  Calibration of Air Orifice Meter.
An or ifice  corresponding to B.S.S. 1042 (1943) 
was f i t te d ,  with D and D/2 tappings, into the 6 inch
I.D pipe carrying the exhaust air from the column. The 
following data were used to evaluate the coefficient of 
the meter
Mean air temperature = 33°C
Density of saturated air at 33°C = 0.0706 l b / f t 5 
Diameter of o r ifice  = 3.0*’
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FIG VI-1 CALIBRATION OF LIQUID 
L -  / , . ROTAMETER
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Mean atmospheric pressure = 758 mm Hg.
The method outlined in B.S.S. 1042 (1943) was used to 
obtain the relationship
Q = 1 2 7 .2  i/E 6 .1
where Q -  flow of saturated air ( f t 3/min)
h -  pressure difference across the or ifice  ( l!Ho0)
Previous workers on Air/Water sieve tray simulators have 
shown that the most useful correlation factor for air  
flow is the factor, defined as
Fa = u/p 6.2
where u -  gas velocity based on area containing 
perforations 
p -  density of saturated air.
Equations 6.1 and 6.2 may be combined to give a relation  
ship between the o r ifice  pressure drop and the F  ^ factor  
Fa = 0.570 ,/h 6 ,3
Figures VI -  2 is  the calibration curve for 
the volume air flow rate against orifice  pressure drop 
and Figure VI -  3 relates the F  ^ factor to the orifice  
pressure drop.
6 .1 .3 .  Liquid Specific Gravity.
The specific  gravity of the aqueous glycerol
AI
R 
FL
OW
 
RA
TE
 
( f 
t 
/m
i
-  134 -  . - •• . . ■ i
A
FIG VI-2' GRAPH OF AIR FLOW RATE AGAINST
FA
CT
O
R
-  135 -
FIG Vi-3 GRAPH OF Fa FACTOR AGAINST
' PRESSURE DROP ACROSS ORIFICE
1*4.
1-0-,
0*6-
T T  | i------------ ------- 1---------------
4  6. 8  . 1 0  12
PRESSURE DROP ACROSS ORIFICE * (“ HgO)
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solutions used in the experimental work was determined 
by the specific gravity bottle and chemical balance 
technique. The solution used contained 55% glycerol by 
weight and had a specific  gravity of 1.134 at 30°C.
6 .1 .4 .  Calibration of Dynamic Head Manometers.
The manometers used to measure the dynamic heads 
of the liquid on the tray or in the downcomer had one leg 
which was flush with the tray or downcomer floor and the 
other which was vented into the vapour space above. The 
manometers thus have only one leg and so i t  was necessary 
to make a correction for the surface tension a ffe ct .
The extent of this affect was determined for each manometer 
by placing i t  vertica lly  in a vessel containing a 55% 
glycerol solution of 33°C and noting the rise  in the level 
of the liquid above the level of liquid in the vessel.
The correction factor was then subtracted from a l l  readings 
taken from that manometer.
6 .2 . EXPERIMENTAL METHOD.
The experimental procedures outlined below were 
developed so that a maximum amount of accurate data 
could be obtained.
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FIG VI -4 ■ GRAPH OF GLYCEROL CONCENTRATION 
. AGAINST LIQUID SPECIFIC GRAVITY 
' FOR AQUEOUS SOLUTIONS AT 30°C
SPECIFIC. GRAVITY
138 -
6 .2 .1 .  Start-up.
The fan was switched on and the air was allowed 
to circulate for a few minutes before the liquid was 
pumped into the column. When the liquid pump was running 
the steam supply to the liquid preheater/cooler was turned 
on. The liquid temperature rose quite rapidly to the 
working range of 32-34°C after which the steam was shut 
o ff .  The fluids were allowed to circulate for 15 minutes 
so that the equipment reached thermal equilibrium before 
experimental work was started.
During a l l  the experimental work the steam and/or 
water supply to the preheater/cooler was used to maintain 
the liquid temperature within the working range.
6 .2 .2 .  Hydrodynamic Study.
The gas and liquid rates were set at the desired 
values and a l l  the air bubbles were carefully removed 
from the manometer tubes used for dynamic head measurements. 
The readings of a l l  the dynamic head and pressure drop 
manometers were noted at 5 minute intervals for 20 minutes.
A mean of the readings was used for calculation and correl­
ation purposes.
6 .2 .3 .  Mass Transfer Study.
The e q u i l i b r i u m  c o n c e n t r a t i o n  o f  o x y g e n  i n  th e
-  139
liquid phase was determined separately for each experimental 
session. The liquid rate was set at about 30 g.p.m. 
and the air rate to give an factor of about 1 ,5 . The 
liquid samples were then drawn o ff  through the detection 
ce lls  at a rate of 200 ml/min. Care was taken to ensure 
that the bubble separators were always half f u l l  of clear 
liquid. After an hour of steady state operation the recorder 
reading had been constant for some 30 to 35 minutes and 
this was taken to be the equilibrium concentration.
The liquid and air rates were then set at the 
required values and oxygen, at the predetermined rate , was 
injected into the liquid stream. The liquid samples were 
drawn o ff  at the same rate as above and the recorder 
readings were noted when the trace had been steady for 
10 minutes.
Care was taken throughout this section of the 
work that no vortexing occurred in the header tank to the 
column because this caused premature oxygen stripping and 
hence a variation of in let concentration.
6 .2 .4 .  Liquid Phase Residence Time Study.
During this section of the work a water/air 
system was used after a comparison between that and the 
aqueous-glycerol/air system had shown no detectable 
difference in the mean residence times or variances for 
comparable flow conditions.
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For each set of conditions investigated, the 
optimum size of the tracer pulse was obtained by adjusting 
the air pressure within the tracer holding vessel. For 
a l l  conditions a. pulse of 0 .1  seconds was employed.
Care was taken that the injection pulse did not cause the 
detector to operate outside the range of linear response.
During this section of the work a dye build up 
occurred in the liquid in the holding tanks and so contamin­
ated liquid was continually run to waste and fresh water 
was added to the tanks. A photocell and light were 
arranged so that a constant check could be maintained on 
the dye concentration in the liquid entering the column.
For each set of operating conditions the response 
to three separate injections was determined and a mean 
value used in the calculations. Care was taken that the 
concentration of dye in the in let liquid remained constant 
between the time cf injection and the c u t-o ff  point.
In this manner the liquid phase residence time distribution  
function was investigated as a function of liquid flow 
rate, air flow rate and weir height.
6 .2 .5 .  Air Phase Residence Time Study.
During this section of the work the water/air  
system was again employed. In it ia l  work had indicated 
that differences in both the air phase mean residence 
times and variances between the water/air and aqueous
141
glycero1/air systems were minimal. The air was used on 
a once through basis thus preventing an undesirable and 
dangerous build up of ethane vapour.
The size of the pulse of tracer material was 
varied by altering the in let pressure because a constant 
pulse time of 0.075 seconds was employed. Care was taken 
that the tracer pulse did not cause either of the detectors 
to operate outside their linear range of response.
The air and liquid flow rates were set at the 
required values and three separate response curves were 
measured. A mean value was used in the evaluation of the 
Peclet numbers. In this manner the air phase residence 
time distribution was investigated as a function of air  
and liquid flow rates and weir height.
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CHAPTER 7.
RESULTS AND DISCUSSIONS.
7 .1 . HYDRODYNAMIC STUDY OP TRAY.
7 .1 .1 .  Dry Plate Pressure Drop.
It is  evident from the survey of previous invest­
igations that provided the ratio of tray thickness to 
hole diameter is  of the order of unity, then the dry plate  
pressure drop data (Table 1) should be well correlated 
by the general or ifice  equation
uo " CD ! 2g PW hDP i ° ° 5 7.1
!.. 12 pg" J
where uQ -  velocity of gas through perforations 
CR -  discharge coefficient  
g -  acceleration due to gravity 
hRp -  dry plate pressure drop 
-  density of water
pp -  density of gas
A plot of the square of the hole velocity  
against the dry plate pressure drop is  shown in figure 
VII-1 .  The result is  a straight line relationship of 
gradient 21.93 x 102
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FIG VI1-1 GRAPH OF (GAS VELOCITY )2 AGAINST
DRY PLATE PRESSURE DROP
-  1 4 3  -
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WHence 21.93 x 102 = Cn 2 ,g .pjJ
12 p.”g
whence CR = 0.674
SO u0 = 0.674 r 2g Pw hDp] ° * 5 7 .2
r 1 2  'pg j
7 .1 .2 .  Total Pressure Drop.
It is  clear from an examination of the data 
of previous workers that the three most important variables 
affecting the tota l pressure drop are the vapour and liquid  
flow rates and the weir height. Figure V I I -2 shows that 
when the tota l pressure drop is  plotted against the liquid  
flow rate, a linear relationship results . The gradient 
of the lines is  clearly dependent upon the weir height. 
Figure V I I -3 shows the to ta l pressure drop plotted against 
the F-factor. These graphs confirm the results of 
previous workers (1 32,3>5<»9 <.10) that the tota l pressure 
drop increases with liquid rate, vapour rate and weir 
height. The results do not however show the levellin g  
out of tota l pressure drop at hole velocities  greater 
than 60 feet per second as reported by Bernard and Sargent 
(17). The detailed results are given in tables 2 to 13.
The values of tota l pressure drop have been 
correlated together with data of Campbell (18) in a similar 
form of equation as used by Harris and Roper (13)
. f
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FIG VII-3 GRAPH OF TOTAL PRESSURE DROP 
. AGAINST F3 FACTOR
• • “  14'6 t '
f a FACTOR
to ! k 7 _
hT = 0.0182L + 0.003 WL + 0.57 PA2
-  0.029 WFa 2 + 0.57W + 0.65 7.3
Hunt et. a l .  (3) proposed an additive model 
which has been investigated by various workers (5*6,9*  
10,11,12) for the description of the tota l pressure drop.
brp “ bpp + hj, + hR 7*4.
where hp -  pressure drop through the frothing liquid
hR -  residual pressure drop
The application of the model to the present work, 
where the mean dynamic head of the liquid in the bubbling 
zone of the tray was taken as being equal to hp, gives 
rise to values of the residual pressure that are 
approximately constant at 0.23 inches of water. No 
distinct trends with either fluid flow rates or weir 
height were apparent. These results agree broadly with
those of Hunt et. a l .  (3) but do not support the trends
reported by McAllister et. a l .  (5) or the claim of Foss
and Gerster (6) that the residual pressure drop could be
as high as 25% of the tota l pressure drop,
7«1» 3• Froth Height on the Tray.
P r e d i c t i o n  o f  t h e  f r o t h  h e i g h t  o f  a sys tem  i s
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important both from a mass transfer standpoint and 
from one of hydraulic s ta b ili ty .  Obviously the 
greater the froth height the greater w ill be the in terfacia l  
area and hence the greater the mass transfer efficiency .  
However, high froth heights are associated with hydraulic 
in sta b il it ie s  in the form of froth oscillations and high 
pressure drops (12, 18, 22). It  is  thus important that a 
proper balance between these two requirements should be 
achieved.
It is  clear from visual observation that the 
froth height varies along the tray length. For design 
purposes however, the worst case should be considered 
and so the froth height was measured with the aid of a 
vertical scale at the mid point of the tray. I t  is  also  
clear that no distinct boundary exists between the 
aerated mass on the tray and the air phase above, and that 
oscillation s of the froth at right angles to the direction  
of liquid flow occur at the higher liquid and gas rates. 
Measurements of froth height are therefore time averaged 
and are only accurate to + I inch.
Froth height was studied as a function of liquid  
flow, vapour flow and weir height. Figures VII-4 and 
V I I -5 show that the froth height at the tray centre increas­
es linearly with increases in liquid rate and also has 
a general upward trent with increases in F-factor.
^ 9 . -
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These conclusions agree with those of several previous 
workers (6 ,1 0 313*19>2092 1 ,22 ,23*24 ,26). The experimental 
results are correlated to + 4JS by the following equation
Zf = 0 . 5 5 ^ 2+ 0.065L + 0.81W + 2.72 7-5
This correlation equation is  not of the linear form reported 
by some previous workers (13, 18, 24) but corresponds 
more closely to the equation given in the Bubble Tray 
Design Manual (23) , which, however, reports that the 
froth height is  independent of the liquid flow rate.
7 .1 .4 .  Liquid Hold-up on the Tray.
The prediction of the liquid hold-up on a 
d is t i l la t io n  tray is  important both from hydraulic and 
from mass transfer considerations. A large liquid hold-up 
may have a detrimental e f fe c t ,  from the hydraulic point of 
view, because i t  w ill  cause a large tota l pressure drop 
and possibly cause froth oscillations or liquid dumping.
From the mass transfer view point a large liquid hold-up 
w ill be beneficial since i t  increases the contact time 
between liquid and vapour, which should result in a 
higher mass transfer efficiency.
There are several methods, either direct or 
indirect, by which the liquid hold-up on a d is t i l la t io n  
tray may be measured. Direct measurement is  to be
-  1 5 2  -
preferred but quite complex apparatus, as used by 
Prince (10), is  necessary i f  an acceptable degree of 
accuracy is  to be attained. It was, therefore, decided 
to obtain values of liquid hold-up by using indirect 
methods and to c r it ic a l ly  compare the values obtained.
The survey of previous investigations (section
2 .1 .4 . )  shows that four methods have been widely used 
to determine the liquid hold-up.
7 . I . 4 . I .  Dynamlc Head.
Many early workers (1,2*3*5*15*21) have measured' 
the hold-up by using dynamic head manometers. Campbell (18) 
has shown that the dynamic head is constant over the 
bubbling zone of the tray and increases markedly at the 
tray in let and outlet. He suggests that a mean value 
of the dynamic head in the bubbling zone be used to 
calculate the hold-up because this zone was more 
representative of a large sieve tray. However i t  is  
impossible to compare the various methods of hold-up 
determination unless some common basis is  chosen. It  was 
found impossible to use the bubbling zone as a basis of 
comparison because the methods involving the use of either  
the Francis formula or residence time data are both 
referred by definition to the whole tray.
I t  has  been  r e p o r t e d  ( 1 3 2 , 3 *5 *1 5 *1 8 , 2 1 ) t h a t
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the mean dynamic head of the liquid on a sieve tray 
increases with increases in liquid flow rate but decreases 
with increases in vapour flow rate. Figures VII-6 and 
V I I -7 show that the mean dynamic heads measured by experi­
ment fellows these trends. Obviously a linear  
relationship exists between the dynamic head and the liquid  
rate, air rate and weir height and this has been evaluated 
a s
ZD = 0.013L~0.31FA+W(0.0041I>O.OS8FA)
+0 , 5 56W+1 .107 7 . 6
This equation correlates the experimental data to + 5% 
and compares well with the relationships proposed by the 
Delaware Report (24), Harris and Roper (13) and Campbell (18). 
Equation 7 . 6  d iffers  from the previously proposed ones 
(13s 18, 24) only in the small product factors 0.0041WL 
and -  0.088WFA.
7 .1 . 4. 2. I-Iold-up calculated from Static Head data.
Bernard e t . a l . (12) measured the liquid  
hold-up by a y ray technique as well as by dynamic head 
manometers. These workers suggested that the manometer 
technique gave a low value of the static  head because 
of an upthrust on the froth caused by the vapour 
leaving the perforations. These workers suggested 
correcting the dynamic head by adding the momentum head 
loss of the vapour leaving the perforations.
-  1 5 4  -
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where ZC(D) -  static  head
ZR -  dynamic head
p -  gas density
o
« liquid density 
Vs -  superficial gas velocity
-  gas velocity through perforations
Figure VII-8  shows the air momentum head plotted against 
F  ^ -  factor. Although the momentum head increases sharply 
with increases in vapour flow rate, even for the highest 
flow rate used the momentum head is very small when compared 
with the dynamic heads encountered in the experimental 
work.
The static  head was computed from equation 7.7  
and is  shown plotted as a function of liquid rate and vapour 
rate in figures V I I -9 and VII-10. It  can be seen that 
the static  head9 Z^CD), for a given gas flow rate shows 
exactly the same variation with liquid flow rate as the 
dynamic head ZR. Also, although the momentum head offsets  
some of the decrease there is  s t i l l  a slight decrease in 
static head with increases in the vapour flow rate.
These results agree both in order and trends with those 
of Bernard et . a l .  (12 ) , Harris and Roper (13) and Thomas 
and Campbell (22). The tota l liquid hcld-up scale is  
shown on figures VII-9 and VII-10 for comparison purposes.
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7 .1 .4 ,3 .  Hold-up calculated from Pressure Drop Data.
A method of obtaining the liquid hold-up on a 
d is t i l la t io n  tray can be developed from an analysis of 
the components of the additive model of tota l pressure 
drop proposed by Hunt e t . a l .  (t3)
hT = hDP + hP + hR 7 * 8
The residual pressure drop for the glyceral-water system 
has been shown to be constant at 0 . 2 3  inches of water 
(section 7 .1 .2 ) .  Thus the head loss through the frothing 
liquid can be calculated from the equation
bp -  h,p ■" b Rp -  0 .2 3  7«9
and the head loss may be considered tc be the liquid  
hold-up per unit area of tray.
Hence ZQ(h) = hrjl -  hDp -  0 .23 7.10
The values of static  head computed from equation 7.10  
are shown plotted as a function of weir height, liquid  
flow rate and vapour flow rate in Figures VII-11 and 
V II-12 . The static  head is  seen to increase linearly  
with increases in liquid flow rate and to decrease linearly  
with increases in air rate. The values of static  head 
calculated using this method are in good agreement with
those calculated from the dynamic head data at low values
of the F  ^ -  factor. The agreement at higher air flow rates
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is  far from satisfactory because discrepancies as high 
as 20% are evident,
1 ,4 .4 .  Hold-up calculated from the Francis formula.
Various workers (1 37*859) have proposed that the 
mean static  head cf liquid cn the tray can be evaluated 
using the equation
ZC(F) = W + ZQW 7.11
where ZQT^  ~ crest over outlet weir
W -  weir height
Cicalese et. a l. ( 2 7 )  used the Francis formula to calculate  
the liquid crest over the weir and its  use for a frothing 
liquid was confirmed by Gerster et. a l .  (21) but cr itic ised  
by Thomas and Campbell ( 2 2 )
z OM = ! 9 1 2 / 3  7 .1 20W I. 27 W  Lw J
where Q -  liquid flow rate (gall/min)
-  effective  weir length (inches)
Equations 7.11 and 7 . 1 2  imply that the liquid static  
head calculated by this method is  independent of vapour 
rate. Values calculated by this method are shown plotted  
in figure V I I -13 and show the same trends with liquid  
rate as values obtained from either the dynamic head data 
or the pressure drop model.
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7 . 1 . 4 . 5« Hold-up calculated from residence time data.
The fin al indirect method of obtaining values of 
liquid hold-up uses data from a residence time distribution  
study. The study has been made as described in section
6 .2 .4 .  end is  discussed in detail in section 7-5*
The study was carried out using an air-water system but 
preliminary work using an air-aqueous glycerol system 
indicated that there was no appreciable difference between 
the systems. This was to be expected because i t  has been 
shown fa ir ly  conclusively (24) that surface tension and 
viscosity only have a minimal effect on try hydraulic 
behaviour.
The liquid hold-up on the tray was calculated from 
the equation
V = v t L 7.13
where V -  to ta l liquid hold up 
v -  volumetric flow rate 
t T -  mean residence time1j
Values of liquid hold-up calculated from equation 7.13  
are shown plotted as a function of liquid flow and weir 
height in Figure V II-14 . The hold-up is  seen to increase 
linearly with the liquid flow rate and also increase with 
increases in weir height. The values of liquid hold-up 
calculated from the residence time data show the same 
trend with liquid rate as do the values calculated by 
other methods. An examination of the results (Tables 
2 to 13) show that there is no appreciable alteration
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of liquid hold-up with air rate , hence the hold-up 
calculated from the residence time data has this in common 
with hold-up values evaluated using the Francis formula.
7 .1 .4 .6 .  Comparison of the methods of hold-up determination.
Figure VII-15 allows a direct comparison to he 
made between the various methods of evaluating the liquid  
hold-up. The values of hold-up are shown plotted against 
the liquid rate at a constant F  ^ factor of 1 .5  at weir 
heights of 2" and 5 " .
The hold-up calculated from equation 7.11 is  
always larger than the values obtained from the various 
experimental methods and this difference increases with 
increases in the weir height. At zero liquid flow rate 
equation 7.11 predicts a value for the clear liquid height, 
ZC(F) equal to the weir height. When the plots for the 
other methods are extrapolated back to a zero liquid rate 
the values of the clear liquid heights obtained are sub­
stan tia lly  less than the weir height. It  is  probable 
that most of the discrepancy arises from the use of a 
unity coefficient for the term W in equation 7.11 .
The author feels  that this equation should not, in i ts  
present form, be used to evaluated the clear liquid  
height and hance the liquid hold-up. However, i t  
is  suggested that, in the light of the experimental 
results reported herein, the equation should be modified 
to
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ZC(F) = 0 .7  -  0.03W + ZQW 7 .1 4
where W and ZQW are both in inches.
The author feels that for the range W “ 2n to W = 5" 
equation 7*14 could be used to get a general order of 
magnitude of liquid hold-up accurate enough for preliminary 
design purposes.
It can be seen from Figure VII-15 that, for 
corresponding conditions, the hold-up calculated from the 
residence time data is  generally larger than that calculated 
from the dynamic head profile  which in turn is  larger than 
the hold-up evaluated from the pressure drop model. This 
can be explained by considering individually the methods 
of determination.
The pressure drop model (equation 7.10) re lies  on a 
value of the residual pressure drop calculated using mean 
dynamic head data for the bubbling zone of the tray.
(see section 7 - 1 .2 . ) .  Hence the liquid hold-up on the 
tray calculated from this model should really  only be 
applied to zones where fu lly  aerated flow exists and 
nots as is  the present case, to a tray with substantial 
calming sections. It  i s ,  therefore, to be expected that 
the values of hold-up obtained from this model would be 
smaller than the actual liquid hold-up because no account 
has been taken of the clear liquid , that was observed 
to be present, in the in let  and outlet calming sections.
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The method of determining the liquid hold-up 
from a dynamic head p rofile  does take some account of 
the liquid held in the calming zones of the tray. The 
dynamic head was measured using nine manometers, (see 
section 5*2 .1 . and 6 .1 .4 . )  seven of which were situated 
in the bubbling zone of the tray and one situated in each 
of the two calming zones. The values of the mean dynamic 
head taken across the whole tray are consistently higher 
than those for the bubbling zone alone and give hold-up 
values higher than those calculated from the pressure 
drop model. However as would be expected values of 
Zc (h) and Z^(d) show the same trends with liquid rate 
and weir height variations. As the liquid rate increases, 
the amount of clear liquid held between the crest over 
the weir and the dynamic head tapping in the calming zone 
that is  greater than the value indicated by the dynamic 
head manometer w ill also increase, and so the calculated 
value of hold-up, Z^(d), w ill  increasingly deviate from 
the true value.
The residence time distribution takes fu l l  
account of the clear liquid held in the calming zone of 
the tray and so may be considered to give the most 
accurate hold-up data. The increasing deviation 
between Zc (t)  and Z^(d) as the liquid rate increases 
is shown clearly in Figure VII-15 for the two inch weir 
but a reverse effect  for which the author can propose 
no satisfactory explanation is  evident for the five inch 
weir.
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The differences between corresponding values of 
Zc (h )9 Zc (d) and zc (t)  decrease as the weir height 
increases. This can be explained by considering the 
proportion of the tota l liquid hold-up, that is  in the 
calming zones of the tray and also noting that the in let  
weir height was fixed at 3 inches.
When the outlet weir height was two inches 
there existed a hydraulic gradient between the in let and 
outlet weirs, the magnitude of which was determined by 
the height of the in let weir. The values of the dynamic 
head taken 1.44 inches from the inlet weir were found 
to follow very closely the values of the clear liquid  
height predicted by equation 7.11 at the crest over 
the in let weir, Thus, more liquid seems to have been 
held in the in let calming zone than would be there i f  the 
in let weir had no e f fe c t .  It  was noted that the ratio  
of the dynamic head in the calming zone to a mean value 
taken in the bubbling zone was 2 to 1.
For the five inch outlet weir the hydraulic grad­
ient between the weirs was independent of the in let weir. 
The dynamic head in the calming zone did not follow any 
predicted clear liquid height and the ratio between it  
and the mean value in the bubbling zone was about 1.4 to 1. 
Thus proportionally more of the total liquid hold-up is  
held in the calming zones for the two inch weir than for 
the five inch weir and so larger differences between ZG(h),  
Zg(d) and Z^(t) are to be expected at the lower weir height 
than at the higher.
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The author feels  that for the reasons outlined 
above the most accurate liquid hold-up data was obtained 
from the residence time distribution study. However, 
when the calming zones are small compared with the tray 
length and also where residence time data is  not available  
the author feels  that the dynamic head method, using 
published correlations and the correction of Sargent et.  
a l . (12 ) , should be employed.
7 .1 .5 .  Aeration Factor and Froth Density Factor.
It  is  important, for design purposes, that the 
effect of the operational variables of a d is t i l la t io n  tray 
upon the extent of frothing that w ill occur, should be 
capable of prediction. Two concepts are commonly in use 
and are discussed separately.
7 .1 .5 .1 .  Aeration Factor.
The data for liquid hold-up (section 7 .1 .4 )  
clearly shows that the pressure drop across the aerated 
liquid on a d is t i l la t io n  tray, measured as inches of liquid ,  
is  always appreciably less than the clear liquid depth 
which would result under the same liquid flow conditions 
in the absence of aeration. For a specified clear liquid  
depth, the greater the amount of aeration then the smaller 
w ill be the resulting pressure drop. The ratio of the 
pressure drop through the frothing liquid to the clear 
liquid seal which would occur under the same flow 
conditions in the absence of aeration, which is called  
the aeration factor, w ill  give a measure of the degree
-  173 -
Most workers (1 ,1 6 ,2 0 ,2 2 ,2 6 )  have evaluated 
an aeration factor as the ratio of the depth of liquid  
after the collapse of the foam to the depth which the 
liquid would attain when flowing across the tray at the 
same flow rate but in the absence of aeration.
o f  f r o t h i n g .
Thus the aeration factor is  defined by 
B = Zc 7.15
where Z  ^ -  s tatic  head
calculated clear liquid seal
and S = W + ZQW = ZC(F) 7.16
where W -  weir height
Zow ~ l^G11^  crest over the weir 
Zq (F) -  liquid hold up (section 7 .1 .4 . )
Previous workers have used static  head data based on either 
tota l pressure drop data or dynamic head values.
The aeration factor based on the to ta l pressure 
drop data has been used by various workers (1 ,16 ,22 ) in the 
form
B (h) = Zc (h) 
z ^ f T
7 . 1 7
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where Zc (h) -  s ta tic  head based on tota l pressure 
drop data.
Values of B(h) computed from equation 7*17 are shown 
plotted as a function of liquid flow rate and air flow rate 
is  Figures VII-16 and V II-17 . The aeration factor B(h) 
was found to increa.se linearly with increases in liquid  
flow and decrease linearly with increases in the F  ^ factor. 
The aeration factor was found to be only s ligh tly  dependent 
on the weir height. Over the complete range of air and 
liquid flow rates used in the experimental work the 
variation of B(h) was limited to the range 0 .45 -  0 .75  
which is  wider than the usually quoted range (10,22) of 
0 .5  -  0 .65 .
The aeration factor based on the static  head 
calculated from the dynamic head data was calculated from 
the equation
B(D) = ZC(D) 7.18
W
where Z^(D) -  sta tic  head calculated from dynamic
head data (equation 7 .7)
Values of B(D) computed from equation 7.18 are shown plotted  
as a function of liquid flow rate and air flow rate in 
Figures VII-18 and V II-19 . The aeration factor B(D) 
was found to increase linearly with increases in the
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liquid flow rate but to decrease linearly with increases 
in the air flow rate. The dependence of B(D) upon weir 
height was more marked than the dependence cf B(h). Over 
the entire range of flu id  flow rates used, the values of 
B(D) varied within the range 0 .5  -  0 .8 .
The aeration factor determined from both equations 
7.17 and 7.18 were found to increase with increases in 
liquid flow rate and to decrease with increases in air  
flow rate. These results are in agreement with the work 
of Gilbert (20), Campbell (18), Prince (10) and 
Shah (16) although Mayfield e t . a l .  (1) reported a decrease 
with increases in the air flow rate.
The values of B(D) are consistently higher than 
corresponding values of B(h) because the values of 
Zq(D) are consistently higher than the corresponding 
values of. Zp(h). The reasons for this difference have 
been discussed in section 7 .1 .4 .
The actual values of aeration factor obtained 
in the experiments are in good agreement with those 
obtained by the early workers (1, 16, 18, 20) but are less  
than those reported by Prince (10) whose range was 
0 .6  -  1 .2 .  This difference was probably due to the foam 
baffle  this worker used. Over the range of experimental 
work reported herein, the values of aeration factor were 
restricted to the range 0.45 -  0 .8 .
-  1 8 0  -
7 .1 .5 .2 .  Froth Density Factor.
The froth density factor is  defined as the volum 
fraction of unaerated liquid per unit volume of froth.
The values of froth density factor w ill obviously vary 
from point to point on the d is t i l la t io n  tray. The 
definition may be written in terms of the static  head of 
liquid and the froth height.
Zc 7.19
f
where 0 -  froth density factor  
Zp- static  head 
Zf ~ froth height
The froth density factor has been calculated by previous 
workers cn the basis of the static  head values obtained 
from either tota l pressure drop data (22) or the dynamic 
head data (6, 19, 21, 22, 24)
so p(h) = Zc (h) 7.20
~ TT
and 0(D) = ZC(D) 7.21
_ _
where Z^(h) -  s tatic  head based on tota l pressure drop
data (equation 7.10)
Zp(D) -  sta tic  head based on dynamic head data 
(equation 7*7)
The froth density factors 0(h) and 0(D) are shown 
plotted in figures V I I -20, V II-21 , VII-22 and VII-23 as
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functions of f lu id  flow rates and weir height. Both 
<f)(h) and <f>(D) are seen to decrease linearly with increases 
in the gas flow rate , which is  in agreement with the results  
cf other workers (6 , 15* 18, 20, 21, 24, 30). This trend 
is  due to the fact that although there is  an increase in 
the volume of froth on the tray for a given increase in 
the gas flow rate , there is  a corresponding slight decrease 
in the clear liquid hold-up.
The froth density factors $(h) and (D) are 
seen to increase very sligh tly  with increases in the 
liquid flow rate. This result agrees with the work of 
Foss et . a l .  (6 ) ,  Gilbert (20) and others. The large 
increases of the froth density factor with increases in 
weir height also confirms the conclusions cf some early 
itforkers (6 ,1 2 ,2 0 ,2 2 ,2 4 ,3 0 ) .  This la tter  conclusion 
suggests that there should be an increase in 4 with 
increases in the liquid rate because both increases in 
liquid rate and weir height have the same effect on the 
liquid hold-up on the tray. However as previously 
stated such changes are only s ligh t .
Sargent et. a l .  (12) have reported the existence 
of three d istinct zones in the frothing mass on the 
d is t i l la t io n  tray. A zone of high density liquid occurs 
near the tray surface and this is  followed by a large 
zone of constant density froth which gradually t a i ls  o ff  
into the spray zone. They reported that gas velocity  
has no effect  on the density of the constant density zone
-  185 **
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but that the size of the high density zone decreased as 
the gas rate increased. Thus as the gas rate increases more 
liquid is  entrained from the high density zone into the 
constant density froth and hence the relative size of the 
froth zone increases at the expense of the liquid.
At f ir s t  sight the work of Sargent e t . a l .  (12) 
seems to contradict the data reported here and also that 
of earlier workers. However Sargent et. a l .  (12) 
measured the actual froth density while the froth density 
factor .reported here is  a measure of the effective  density 
of the froth and includes a l l  three zones.
In general the values of 0(h) are smaller than 
the corresponding values of 0(D). This is  explained 
by the already discussed differences in the corresponding 
static  head values. The values of foam density factors 
obtained over the range of variables studied were within 
the range 0.11 -  0 .4  which compares well with the generally 
quoted (6., 195 20, 22, 24) values.
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7.2 Hydrodynamic Study of Downcomer
7 .2 .1 . Froth Height in Downcomer
The term froth height is  used to describe the 
height of the aerated liquid above the bottom of the 
downcomer. The froth height was measured visually using 
a perspex scale fixed to the outside of the downcomer.
The froths formed in the downcomer are much more stable  
than those formed on the tray. Fluctuations in froth 
height were not as marked as on the tray although when 
the tray was osc illa tin g  the froth in the downcomer 
had a sympathetic oscillation  some 180° cut of phase. The 
recorded values of froth height are time averaged and are 
accurate to only -  \ inch.
The aerated liquid in the downcomer was in two 
distinct zones. That adjacent to the tray floor consisted 
of a continuous liquid phase interspersed with small 
bubbles of gas. Above this there was a light froth which 
was made up of relatively  large bubbles of gas and seemed 
to contain very l i t t l e  liquid . At lew liquid flow rates 
the line of demarkation between the two zones was quite 
sharp but as the liquid rate increases the amount of 
turbulence in the lower phase also increases as did the 
amount of air entrained therein, hence making the dividing 
line less d istin ct. However, ever at the maximum liquid  
flow rate, i t  was s t i l l  possible to distinguish visually  
between the two zones.
Figure V.H-24 shows the froth height plotted  
against the liquid flow rate. For the two inch weir, the 
froth height increases linearly with flow rate but for the 
five inch weir the in i t ia l  linear increase is  followed by 
a flattening of the curve which seems to reach a maximum
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at the maximum liquid flow ra te . This may be explained by 
considering the amount of froth produced on the tray and 
also the tota l pressure drop. As the liquid rate goes up, 
the amount of froth produced on the tray increases and 
hence the froth flow into the downcomer also increases. The 
tota l pressure drop across the tray increases linearly  
with liquid rate and weir height (Section 7 .1 .2 )  and hence 
an increasing back up of aerated liquid in the downcomer 
is  necessary to balance this e f fe c t .  Thus these two effects  
would combine to cause an increase in froth height with 
increases in liquid rate. However, at high flow rates, 
the liquid cascade over the weir would disrupt some of  
the froth in the downcomer and also entrain some of the gas 
bubbles and sweep them onto the lower tray. Hence a 
reduction in the rate of increase of the froth height with 
liquid rate increases could be expected. However, this  
effect was only noted at the higher weir height.
As the air rate goes up the total pressure drop 
across the tray and the amount of frothing on the tray both 
increase and hence the froth height in the downcomer should 
increase. This fact is clearly shown to be so in Figure 
VII-25 where a linear relationship is seen to exist between 
the froth height and factor. A comparison of figures 
V II -24 and VII-25 shows that over the range of fluid  flow 
rates studied the froth height in the downcomer was largely  
dependent upon the liquid rate.
7 .2 .2 .  Static Head of Liquid
Several early workers (8 ,9 ,3 1 ,3 2 )  have suggested 
that a d is t i l la t io n  column would flood when the aerated 
liquid in the downcomer reached the outlet weir of the tray. 
However, f i r s t ly  Thomas and Shah (33) and la ter  Thomas and
-  1 9 0 .  -
( „) d 3WOONMOC! NI 1H913H HlOdd
C a m p b e l l  ( 2 2 )  h a v e  s h o w n  t h a t  t h i s  f l o o d i n g  c r i t e r i a  w a s  
i n c o r r e c t .  B o t h  s e t s  o f  w o r k e r s  c o n c l u d e d  t h a t  f l o o d i n g  
w o u l d  o n l y  o c c u r  w h e n  t h e  c l e a r  l i q u i d  h e i g h t  r e a c h e d  t h e  
o u t l e t  w e i r  a l t h o u g h  t h i s  Was n o t  t e s t e d  e x p e r i m e n t a l l y .  
H e n c e  t h e  c l e a r  l i q u i d  h e i g h t  o r  s t a t i c  h e a d  s e e m s  t o  b e  
a  p r i m a r y  d e s i g n  v a r i a b 1 e o f  d o w n c o m e r s .
The  s t a t i c  h e a d  i n  t h e  d o w n c o m e r  w a s  m e a s u r e d  
u s i n g  a  s i n g l e  l e g  m a n o m e t e r  w i t h  t h e  l o w e r  e n d  c o n n e c t e d  
t o  t h e  b o t t o m  o f  t h e  d o w n c o m e r  a n d  t h e  u p p e r  e n d  c o n n e c t e d  
t o  t h e  v a p o u r  s p a c e  i n  t h e  m o u t h  o f  t h e  d o w n c o m e r .  The  
v a l u e s  o f  w e r e  c o r r e c t e d  f o r  t h e  c a p i l l a r y  r i s e  e f f e c t .
Figures VII-26 and VII-27 show the sta tic  head 
of liquid in the downcomer plotted against the liquid and 
gas rates.The sta tic  head, is seen to increase linearly with 
increases in the liquid rate and to show a small, but
distinct upward trend as the air  rate increases. The reason
for these upwards trends in the static  head are the same as 
those which caused the corresponding increases in the froth 
height. An increase in either the liquid or air rate causes 
a corresponding increase in the total pressure drop and 
hence a backing up of liquid in the downcomer to maintain 
the hydraulic balance. The liquid rate is  clearly the 
major variable that affects static  head changes.
Leibson e t .a l  (7) have developed a relationship  
for a pressure balance taken at the base of the downcomer 
which may be used to predict the static  head.
jL DC = hT + J ZDLP + h UF “ h Bu 7 . 2 2
191 -
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( n b ! i •>) Ufa W o o  n m o  a  n i a v  3  h oi i v i s
w h ere  LRG -  c l e a r  l i q u i d  h e i g h t  i n  dow ncom er  
h T -  t o t a l  p r e s s u r e  d r o p
ZDLP ~ d y n a m ic  h e a d  on t h e  l o w e r  t r a y  a d j a c e n t  t o  t h e
dow ncom er
h y p  ~ h e a d  l o s s  i n  t h e  u n d e r  f l o w  w e i r  o f  t h e  b a s e
o f  t h e  downcom er
b BU "  Pr e s s u r e  b u i l d  up b e tw e e n  t h e  h e a d  o f  t h e
dow ncom er and t h e  v a p o u r  s p a c e  a b o v e
j  -  s p e c i f i c  g r a v i t y  o f  l i q u i d
A ' s e l e c t i o n  o f  t h e  s t a t i c  h e a d  d a t a  c a l c u l a t e d  u s i n g
e q u a t i o n  7 . 2 2  i s  shown p l o t t e d  a g a i n s t  t h e  m e a s u r e d  s t a t i c
h e a d  v a l u e s  i n  f i g u r e  V I I - 2 8 .  I t  i s  s e e n  t h a t  n e a r l y  a l l
*1* o
t h e  d a t a  l i e s  w i t h i n  -  rj>% o f  t h e  45 l i n e  and h e n c e  e q u a t i o n  
7 . 2 2  se e m s c a p a b l e  o f  p r e d i c t i n g  s t a t i c  h e a d  v a l u e s  a c c u r a t e l y  
t o  t h i s  t o l e r a n c e .  H o w e v e r ,  t h i s  r e l a t i o n s h i p  r e q u i r e s  a 
k n o w le d g e  o f  t h e  d y n a m ic  h e a d  on t h e  t r a y  and  i s  t h e r e f o r e  
n o t  a s  r e a d i l y  a p p l i c a b l e  a s  m ig h t  be' d e s i r e d .
C i c a l e s e  e t . a l .  ( 2 7 )  h a v e  p r o p o s e d  a d i f f e r e n t  
h y d r a u l i c  b a l a n c e  w h ic h  e f f e c t i v e l y  i g n o r e s  t h e  p r e s s u r e  
b u i l d - u p  t e r m  o f  e q u a t i o n  7 . 2 2  and s u b s t i t u t e d  a s t a t i c  
h e a d  te r m  c a l c u l a t e d  u s in g ;  t h e  F r a n c i s  f o r m u l a e  ( S e c t i o n  
7 . 1 . 4 )  i n  p l a c e  o f  t h e  d y n a m ic  h e a d  on t h e  l o w e r  t r a y
j L DC = hT + J (W+ZQW) + h y p  7 . 2 3
The t e r m  (W+Z ) i s  a t h e o r e t i c a l  c l e a r  l i q u i d  h e i g h t  on t h eow
t r a y  and i s  a lw a y s  g r e a t e r  t h a n  t h e  a c t u a l  v a l u e . The  
e q u a t i o n  7 « 2 3  w i l l  t h e r e f o r e  p r e d i c t  v a l u e s  o f  t h e  s t a t i c  
h e a d  i n  t h e  dow ncom er t h a t  a r e  a lw a y s  g r e a t e r  t h a n  t h e  
a c t u a l  v a l u e s .  H ow ever  i t  i s  i m p o s s i b l e  t o  t e s t  t h i s
- 194 -
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h y p o t h e s i s  w i t h  t h e  p r e s e n t  e x p e r i m e n t a l  d a t a  b e c a u s e  t h e  
dow ncom er u s e d  a t  t h e  o u t l e t  o f  t h e  t e s t  t r a y  was d i f f e r e n t  
t o  b o t h  t h e  dow ncom er f e e d i n g  t h e  t e s t  t r a y  an d  t h a t  o f  t h e  
o u t l e t  o f  t h e  lo w e r  t r a y .
to 1 9 5 _
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The m ass t r a n s f e r  e f f i c i e n c y  o f  t h e  t e s t  s i e v e  
t r a y  was i n v e s t i g a t e d  by s t r i p p i n g  o x y g e n  fr o m  an o x y g e n  
r i c h  a q u e o u s  g l y c e r o l  s o l u t i o n  w i t h  a i r .  The m ass t r a n s f e r  
i n  t h i s  s y s t e m  i s  c o n t r o l l e d  by  t h e  l i q u i d  p h a s e  and t h e  
p l a t e  e f f i c i e n c i e s  o b t a i n e d  may b e  r e g a r d e d  a s  t h e  p u r e  
l i q u i d  p h a s e  e f f i c i e n c y .  The m ass t r a n s f e r  e f f i c i e n c y  was  
i n v e s t i g a t e d  a s  a f u n c t i o n  o f  t h e  f l u i d  f l o w  r a t e s  and w e i r  
h e i g h t .
D u r in g  t h e  s t u d y ,  t h e  f r o t h  h e i g h t s  on t h e  t r a y  
and i n  t h e  dow ncom er w e re  m e a s u r e d  i n  an a t t e m p t  t o  c o n f i r m  
t h e  o b s e r v a t i o n  o f  Z u id e r w e g  and K a r m e n s  ( 2 5 ) .  T h e s e  
a u t h o r s  r e p o r t e d  t h a t  m ass t r a n s f e r  i n  a s y s t e m  c a u s e d  a 
d i f f e r e n c e  i n  f r o t h  h e i g h t  b e t w e e n  s u c h  a s y s t e m  and one  
w i t h  no t r a n s f e r .  ( S e e  S e c t i o n  2 . 1 . 3 ) .  A c o m p a r is o n  o f  
t h e  f r o t h  h e i g h t  r e s u l t s  fr o m  t h e  m ass t r a n s f e r  s t u d i e s  
( t a b l e s  14  t o  2 5 ) w i t h  t h o s e  fr o m  t h e  t r a y  h y d r a u l i c  s t u d i e s  
( t a b l e s  2  t o  1 3 ) show c l e a r l y  t h a t  no d i f f e r e n c e s  a p a r t  fr o m  
t h e  e x p e c t e d  e x p e r i m e n t a l  e r r o r s  e x i s t .  The o b s e r v a t i o n s  o f  
Z u id e r w e g  and K arm ens ( 2 5 )  do n o t  t h e r e f o r e  h o l d  f o r  t h e  
o x y g e n - a q u e o u s  g l y c e r o l - a i r  s y s t e m ,
7 . 3 . 1 .  S i e v e  T ra y
F i g u r e s  V I I - 2 9  and V I I - 3 0  show t h e  v a r i a t i o n  o f  
t h e  M u rp h ree  p l a , t e  e f f i c i e n c y  w i t h  f l u i d  f l o w  r a t e s  and  
w e i r  h e i g h t .  The e f f i c i e n c y  i s  s e e n  t o  d e c r e a s e  s h a r p l y  
a s  t h e  l i q u i d  r a t e  i n c r e a s e  and t o  i n c r e a s e  as  t h e  w e i r  
h e i g h t  i n c r e a s e s .  T h e s e  r e s u l t s  c o n f i r m  t h o s e  o f  p r e v i o u s  
w o r k e r s  ( 6 , 1 9 S2 1 , 2 4 , 5 5 3 5 6 )
7.3 Mass Transfer Study


The e f f e c t ,  o f  a i r  f l o w  r a t e  on  t h e  l i q u i d  p h a s e  
e f f i c i e n c y  i s  s e e n  t o  v a r y  w i t h  t h e  l i q u i d  r a t e  and w e i r  
h e i g h t .  A t h i g h  l i q u i d  r a t e s  and  lo w  w e i r  h e i g h t s  t h e  
e f f i c i e n c y  i s  s e e n  t o  i n c r e a s e  m a r k e d ly  w i t h  i n c r e a s e s  i n  
t h e  a i r  r a t e .  The r a t e  o f  i n c r e a s e  r e d u c e s  a s  t h e  l i q u i d  
r a t e  d e c r e a s e  and i s  n e g l i g i b l e  a t  t h e  h i g h e r  w e i r  h e i g h t .
V a r i o u s  w o r k e r s  ( 1 2 , 1 4 , 2 6 , 5 4 , 5 6 , 5 7 )  h a v e  r e p o r t e d  
a g e n e r a l  i n c r e a s e  i n  p l a t e  e f f i c i e n c y  w i t h  i n c r e a s e s  i n  t h e  
v a p o u r  r a t e  a l t h o u g h  some w o r k e r s  ( 1 2 , 1 4 , 2 6 )  h a v e  r e p o r t e d  
t h a t  a  maximum v a l u e  w as o b t a i n e d  b e f o r e  t h e  maximum v a p o u r  
r a t e  was r e a c h e d .  B o th  S a r g e n t  e t . a l .  ( 1 2 )  and F o s s  e t . a l .  
( 6 ) h a v e  a t t e m p t e d  t o  e x p l a i n  t h e  f a l l  i n  e f f i c i e n c y  fr o m  
t h e  maximum v a l u e  b y  c o n s i d e r i n g  a p o s s i b l e  a l t e r a t i o n  i n  
t h e  mode o f  g a s  and l i q u i d  c o n t a c t i n g .
7 . 3  ° 2 . S i e v e  T r a y  p l u s  Downcomer
F o r  t h e  c o m b in e d  t r a y  and dow ncom er s y s t e m  t h e  
m ass t r a n s f e r  e f f i c i e n c y  i s  e x p r e s s e d  i n  t h e  same t e r m s  a s  
t h e  t r a y .  T h i s  i s  n o t  s t r i c t l y  v a l i d  b e c a u s e  t h e  
downcom er h a s  s u c h  a d i f f e r e n t  d y n a m ic  c h a r a c t e r  t o  t h e  t r a y .  
The t r a y  h a s  c r o s s  f l o w  b e t w e e n  l i q u i d  and g a s  s t r e a m s  w h i l e  
t h e  dow ncom er i s  e s s e n t i a l l y  a c o m b i n a t i o n  o f  c o u n t e r  and  
c o c u r r e n t  f l o w .  H o w e v e r ,  t h e  u s e  o f  t h e  same d e f i n i t i o n  f o r  
e f f i c i e n c y  f o r  b o t h  t h e  s i e v e  t r a y  and t h e  c o m b in e d  s i e v e  
t r a y /d o w n c o m e r  s y s t e m  c a n  b e  u s e f u l  f o r  c o m p a r is o n  p u r p o s e s .
F i g u r e s  V I I - 31  and V I I - 3 2  show t h e  l i q u i d  p h a s e  
e f f i c i e n c y  f o r  t h e  c o m b in e d  s y s t e m  p l o t t e d  a g a i n s t  t h e  f l u i d  
f l o w  r a t e s  a t  v a r i o u s  w e i r  h e i g h t s .  The e f f i c i e n c y  i s  s e e n  
t o  d e c r e a s e  s h a r p l y  a s  t h e  l i q u i d  r a t e  i n c r e a s e s  and a s  t h e  
w e i r  h e i g h t  i n c r e a s e s .  The e f f e c t  o f  a i r  r a t e  upon t h e  
e f f i c i e n c y  i s  r a t h e r  m ore c o n f u s e d  t h a n  f o r  t h e  t r a y  o n l y .
A t  t h e  lo w e r  w e i r  h e i g h t  t h e  e f f i c i e n c y  i n c r e a s e s  a s  t h e  a i r
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r a t e  i n c r e a s e s  b u t  t h e  i n c r e a s e  i s  g r e a t e r  a t  t h e  h i g h e r  
l i q u i d  r a t e  t h a n  a t  t h e  l o w e r .  H o w e v e r ,  a d o u b l i n g  o f  t h e  
a i r  r a t e  o n l y  c a u s e s  an e f f i c i e n c y  i n c r e a s e  o f  some 6 %.
A t  t h e  h i g h e r  w e i r  h e i g h t  an i n c r e a s e  i n  a i r  r a t e  c a u s e s  a 
d e c r e a s e  i n  e f f i c i e n c y  b u t  a g a i n  t h e  c h a n g e  i s  o n l y  s m a l l .
I n  g e n e r a l  e x c e p t  f o r  h i g h  l i q u i d  r a t e s  on t h e  
t r a y  o n l y  t h e  e f f i c i e n c y  i s  a l m o s t  i n s e n s i t i v e  t o  a i r  r a t e  
c h a n g e s  and d e p e n d s  o n l y  on t h e  w e i r  h e i g h t  and l i q u i d  r a t e ,  
T h i s  r e s u l t  i s  i n  g o o d  a g r e e m e n t  w i t h  d a t a  r e p o r t e d  by  o t h e r  
w o r k e r s  ( 6  , 1 2 , 1 9 524 , 5 5 * 5 6  ) .
The m o st  s i g n i f i c a n t  r e s e a r c h  d u r i n g  r e c e n t  y e a r s  
i n t o  t h e  m ass t r a n s f e r  o c c u r i n g  i n  t r a y  dow n com ers was  
c a r r i e d  o u t  b y  Thomas and C a m p b e l l  ( 5 6 ) .  T h e s e  a u t h o r s  
m e a s u r e d  t h e  e f f i c i e n c i e s  o f  b o t h  s i e v e  t r a y  and s i e v e  t r a y /  
dow ncom er s y s t e m s  and c o n c l u d e d  t h a t  a s i g n i f i c a n t  am ount o f  
m ass t r a n s f e r  t a k e s  p l a c e  i n  t h e  d ow n com e r. T h i s  h a s  b e e n  
c o n f i r m e d  by t h e  p r e s e n t  s t u d y .
F i g u r e s  V I I - 3 3  and  V T I - 3 4  show t h e  p r o p o r t i o n  o f  
t h e  m ass t r a n s f e r  t a k i n g  p l a c e  i n  t h e  c o m b in e d  s i e v e  
t r a y /d o w n c o m e r  s y s t e m  t h a t  t a k e s  p l a c e  s o l e l y  i n  t h e  
d o w n co m e r , f RG, p l o t t e d  a g a i n s t  t h e  f l u i d  f l o w  r a t e s .  The  
v a l u e s  o f  f ^  w e re  c a l c u l a t e d  fr o m  t h e  e q u a t i o n
DC - 5  7 t  24
-VA C
w h ere  x ^  -  m o le  f r a c t i o n  o f  o x y g e n  i n  t h e  l i q u i d  
e n t e r i n g  t h e  s i e v e  t r a y
x R ”  m o le  f r a c t i o n  o f  o x y g e n  i n  t h e  l i q u i d
l e a v i n g  t h e  s i e v e  t r a y  and e n t e r i n g  t h e  
dow ncom er
x -  m o le  f r a c t i o n  o f  o x y g e n  i n  t h e  l i q u i d  
l e a v i n g  t h e  s i e v e  t r a y .
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I t  i s  c l e a r l y  s e e n  t h a t  t h e  a i r  r a t e  h a s  v e r y  l i t t l e  
e f f e c t  upon v a l u e s  o f  f ^ p  w h ic h  seem s t o  b e  m a i n l y  
d e p e n d e n t  up on t h e  l i q u i d  r a t e  and w e i r  h e i g h t .  T h i s  was t o  
be  e x p e c t e d  fr o m  t h e  e f f i c i e n c y  r e s u l t s  r e p o r t e d  a b o v e .  A t  
t h e  l o w e r  w e i r  h e i g h t  t h e  dow ncom er i s  s e e n  t o  a c c o u n t  f o r  
up t o  4 5 /  o f  t h e  t o t a l  m ass  t r a n s f e r  b u t  t h i s  r e d u c e s  
l i n e a r l y  a s  t h e  l i q u i d  f l o w  r a t e  d e c r e a s e s .  F o r  t h e  5 i n c h  
w e i r  t h e  dow ncom er a c c o u n t s  f o r  b e t w e e n  1 0 /  and 1 5 /  o f  t h e  
t o t a l  m ass t r a n s f e r  o v e r  t h e  m a j o r i t y  o f  t h e  l i q u i d  f l o w  
r a t e s  u s e d .  I t  i s  t h e r e f o r e  a p p a r e n t ,  e s p e c i a l l y  a t  t h e  
l o w e r  w e i r  h e i g h t s ,  t h a t  t h e  dow ncom er p l a y s  a  v i t a l  p a r t  * 
i n  t h e  m ass t r a n s f e r  p e r f o r m a n c e  o f  a s y s t e m  and t h a t  t h i s  
s h o u l d  be  c o n s i d e r e d  d u r i n g  d e s i g n  p r o c e d u r e s .
- 206 -
The r e s i d e n c e  t i m e  d i s t r i b u t i o n  f u n c t i o n s  w e re  
o b t a i n e d  fr o m  t h e  r e s p o n s e  c u r v e  a t  t h e  t r a y  o r  dow ncom er  
o u t l e t  t o  a  d e l t a  f u n c t i o n  i n j e c t i o n  o f  dye  a t  t h e  t r a y  
i n l e t  ( s e e  s e c t i o n  6 . 2 . 4 ) .  The  t r a c e  on t h e  r e c o r d e r  
c h a r t  was s m o o t h e d  t o  e l i m i n a t e  any " n o i s e " c a u s e d  b y  a i r  
b u b b l e s  p a s s i n g  t h r o u g h  t h e  d e t e c t i o n  c e l l  and t h e n  
p r o c e s s e d  u s i n g  a p o t e n t i o m e t e r  and d a t a  l o g g e r  ( s e e  
s e c t i o n  5 . 2 . 3 4 ) .  The p u n ch  t a p e  o u t p u t  f r o m  t h e  d a t a  l o g g e r  
was a n a l y s e d  on an I . C . T .  1 9 0 5 F  d i g i t a l  c o m p u t e r  u s i n g  a  
program m e w r i t t e n  i n  S u r r e y  A l g o l  ( s e e  a p p e n d i x  A ) .  The  
program m e i n c o r p o r a t e s  t h e  t a i l i n g  t e c h n i q u e  o f  S a t e r  and  
L e v e n s p i e l  ( 7 4 )  ( s e e  s e c t i o n  3 . 6 )  and p r o c e s s e s  t h r e e  s e t s  
o f  d a t a  fr o m  e a c h  e x p e r i m e n t a l  c o n d i t i o n .  The mean 
r e s i d e n c e  t i m e  o f  t h e  l i q u i d  was c a l c u l a t e d  a s  t h e  mean  
o r  f i r s t  moment a b o u t  t h e  o r i g i n  o f  t h e  r e s p o n s e  c u r v e  and  
t h e  t im e  b a s e d  v a r i a n c e  a s  t h e  f i r s t  moment a b o u t  t h e  m ean .
7 . 4 . 1  S i e v e  T r a y
The e f f e c t  o f  t h e  l i q u i d  f l o w  r a t e s  and w e i r  
h e i g h t  upon t h e  l i q u i d  p h a s e  r e s i d e n c e  t i m e ,  t  ,  i s  shown  
i n  f i g u r e s  V I I - 3 5  an d  V I 3 > 3 o .  F o r  a s y s t e m  w i t h  a s m a l l  . 
d e g r e e  o f  m i x i n g  and a c o n s t a n t  l i q u i d  h o l d - u p  t h e  r e s i d e n c e  
t i m e  w o u ld  v a r y  i n  i n v e r s e  p r o p o r t i o n s  t o  t h e  l i q u i d  f l o w  
r a t e .  H o w e v e r ,  t h e  l i q u i d  h o l d - u p  h a s  b e e n  shown  
( s e c t i o n  7 . 1 , 4 )  t o  b e  v i r t u a l l y  i n d e p e n d e n t  o f  t h e  g a s  
r a t e  b u t  t o  i n c r e a s e  a s  t h e  l i q u i d  r a t e  i n c r e a s e s .  The  
t r e n d s  i n  r e s i d e n c e  t i m e  r e p o r t e d  h e r e  a l t h o u g h  t h e y  a r e  l e s s  
t h a n  f o r  a  c o n s t a n t  v o lu m e  s y s t e m  a r e  a s  e x p e c t e d .  T h e s e  
r e s u l t s  c o n f i r m  t h o s e  o f  G i l b e r t  ( 2 0 )  and C a m p b e l l  ( 1 8 )  
i n  r e s p e c t  o f  t h e  v a r i a t i o n s  w i t h  l i q u i d  r a t e  and w e i r
- 207 ~
7■4 Liquid Phase Mixing Study
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h e i g h t  b u t  b o t h  t h e s e  a u t h o r s  r e p o r t e d  a s l i g h t  i n c r e a s e  i n  
t h e  r e s i d e n c e  t im e  as t h e  a i r  r a t e  was i n c r e a s e d .
2The t im e  b a s e d  v a r i a n c e ,  i s  s e e n  fr o m  f i g u r e  
V I I - 3 7  t o  i n c r e a s e  as  t h e  w e i r  h e i g h t  i n c r e a s e s .  As t h e  
l i q u i d  r a t e  i s  i n c r e a s e d  fr o m  z e r o ,  t h e  v a r i a n c e  show s an  
i n i t i a l  r a p i d  f a l l  w h ic h  f l a t t e n s  o u t  t o  an a l m o s t  c o n s t a n t  
v a l u e  a t  f l o w  r a t e s  o v e r  20  g a l l o n s / m i n u t e . T h e s e  r e s u l t s  
c o n f i r m  t h e  f i n d i n g s  o f  F o s s  e t . a l .  ( 2 8 ) ,  G i l b e r t  ( 2 0 )  and  
Thomas and C a m p b e ll  ( 5 6 ) .  H o w e v e r ,  a l l  t h e s e  a u t h o r s  ( 2 0 , 2 8 ,  
5 6 ) fo u n d  a d i s t i n c t  d e p e n d e n c e  o f  t h e  v a r i a n c e  on t h e  
s u p e r f i c i a l  a i r  r a t e  b u t  a s t u d y  o f  t a b l e s  2 6  t o  3 7  i n d i c a t e s  
t h a t  t h e  t im e  b a s e d  v a r i a n c e  i s  v i r t u a l l y  i n d e p e n d e n t  o f  t h e  
g a s  r a t e .
F o s s  e t . a l .  ( 2 8 )  c o r r e l a t e d  t h e  r a t e  o f  i n c r e a s e  i n  
v a r i a n c e  a c r o s s  t h e  t r a y  p e r  u n i t  h e i g h t  o f  l i q u i d  h o l d - u p  as  
a f u n c t i o n  o f  t h e  p r o d u c t  o f  f r o t h  d e n s i t y  and mean l i q u i d  
v e l o c i t y  a c r o s s  t h e  t r a y .  The b e s t  l i n e  t h r o u g h  t h e i r  
r e s u l t s  h ad  t h e  e q u a t i o n
a t 2 0 . 5  O u L ) ~ p - °  7 . 2 5
L Z "c
w h ere  L -  d i s t a n c e  fr o m  i n l e t  w e i r  
~ l i q u i d  h o l d - u p
6  ~ f r o t h  d e n s i t y
-  l i n e a r  v e l o c i t y  o f  l i q u i d
G i l b e r t  ( 2 0 )  u s e d  a s i m i l a r  c o r r e l a t i o n  f o r  h i s  w ork on  
b u b b l e  c a p s .
LZ
c
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The m a jo r  v a r i a b l e  a f f e c t i n g  t h e  v a r i a n c e  se em s t o  be  t h e  
l i q u i d  v e l o c i t y ,  w h ic h  i s  l a r g e l y  d e p e n d e n t  upon t h e  f l o w  
r a t e  and t h e  o t h e r  v a r i a b l e s ,  a l t h o u g h  b e i n g  d e p e n d e n t  upon  
t h e  g a s  r a t e ,  a r e  o f  s e c o n d a r y  i m p o r t a n c e .  B o th  a u t h o r s  
assum e t h a t  t h e  t im e  b a s e d  v a r i a n c e  i s  a c o n v e n i e n t  c o n c e p t  
f o r  c o m p a r in g  t l ie  amount o f  m i x i n g  t a k i n g  p l a c e  i n  d i f f e r e n t  
s y s t e m s  b u t  C a m p b e ll  ( 1 8 )  h a s  p o i n t e d  o u t  t h a t  t h i s  i s  n o t  
t r u e .  The a u t h o r ,  w h i l e  a g r e e i n g  w i t h  C a m p b e ll  ( 1 8 )  f e e l s  
t h a t  t h e  p o i n t  can  o n l y  be  d i s c u s s e d  i n  t h e  l i g h t  o f  th e  
e d d y  d i f f u s i o n  m o d e l .
7 . 4 . 2  S i e v e  T ra y  p l u s  Downcomer
The v a r i a t i o n s  o f  t h e  mean r e s i d e n c e  t im e  f o r  t h e  
c om b in e d  s y s t e m  a r e  shown p l o t t e d  i n  f i g u r e s  V I I - 3 8  and  
V I I - 3 9 • The t r e n d s  a r e  s i m i l a r  t o  t h o s e  t h a t  o c c u r e d  on t h e  
t r a y  o n l y  and c o n f i r m  t h e  r e s u l t s  o f  C a m p b e ll  ( 1 8 )  a l t h o u g h  
t h i s  a u t h o r  r e p o r t e d  w i d e r  v a r i a t i o n s  w i t h  F^ f a c t o r  
a l t e r a t i o n s  t h a n  a r e  e v i d e n t  h e r e i n .
2The t im e  b a s e d  v a r i a n c e , , i s  s e e n  p l o t t e d  
a g a i n s t  l i q u i d  f l o w  r a t e  i n  f i g u r e  V I I - 4 0 .  The v a r i a t i o n  
i s  s i m i l a r  t o  t h a t  o b t a i n e d  f o r  t h e  t r a y  o n l y  e x c e p t  t h a t  
t h e  c o n s t a n t  v a l u e  p o r t i o n  o f  t h e  c u r v e  a t  h i g h e r  l i q u i d  
r a t e s  i s  n o t  s o  p r o n o u n c e d .
7 . 4 . 3  Eddy D i f f u s i o n  M od el f o r  L i q u i d  M ix in g
V a r i o u s  w o r k e r s  ( 2 0 , 2 4  , 5 6  ,6 5  , 6 6  , 6 7 5 6 8 , 6 9 )  h a v e  
u s e d  an e d d y  d i f f u s i o n  m od el i n  an a t t e m p t  t o  q u a n t i f y  t h e  
d e g r e e  o f  l i q u i d  m i x i n g  on d i s t i l l a t i o n  t r a y s .  Some w o r k e r s  
( 2 8 , 6 7 3 6 9 ) h a v e  c r i t i c i s e d  t h e  m o d e l  b e c a u s e  t h e y  f e e l  t h a t  
i t  d o e s  n o t  c o m p l e t e l y  e x p l a i n  t h e  e x t r e m e l y  c o m p le x  
b e h a v i o u r  o f  t h e  l i q u i d  on a  t r a y  b u t  a t t e m p t s  t o  d e v e l o p
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a more c o n c i s e  m o d e l  ( 6 0 , 6 6 , 6 9 ) g i v e  e x t r e m e l y  cum bersom e  
r e l a t i o n s h i p s  t h a t  h a v e  o n l y  l i m i t e d  p r a c t i c a l  u s e .  The  
a u t h o r  f e e l s  t h a t  t h e  b a s i c  e d d y  d i f f u s i o n  a p p r o a c h  can  be  
u s e f u l  u s e d  f o r  p r e l i m i n a r y  d e s i g n  p u r p o s e s  b u t  t h a t  t h e  
c o n t i n u o u s  d i s t r i b u t i o n  a n a l y s i s  o f  F o s s  e t .  a l  ( 2 8 )  w i l l  
p r o v e  i n  t h e  l o n g  ru n  t o  be more u s e f u l .  H o w e v e r ,  t h e  
a p p r o a c h  o f  F o s s  e t . a l . ( 2 8 )  and t h e  eddy  d i f f u s i o n  m o d e l a r e  
n o t  m u t u a l l y  e x c l u s i v e  and b o t h  w i l l  be c o n s i d e r e d  i n  th e  
p r e s e n t  w o rk .
I t  h a s  b e e n  shewn i n  s e c t i o n  3 . 4  t h a t  t h e  eddy  
d i f f u s i o n  e q u a t i o n  2 . 4 9  can  b e  s o l v e d  f o r  a d o u b ly  i n f i n i t e  
s y s t e m  u s i n g  t h e  a p p r o a c h  o f  Van d e r  Laan ( 7 2 ) .  The  
e q u a t i o n s  p r o d u c e d  r e l a t e  t h e  P e c l e t  number o f  t h e  s y s t e m  t o  
t h e  f i r s t  and s e c o n d  moments o f  t h e  d i m e n s i o n l e s s  o r  r e d u c e d  
r e s p o n s e  c u r v e .  T h is  c u r v e  c o u l d  b e  o b t a i n e d  fr o m  t h e  
p r a c t i c a l  r e s p o n s e  c u r v e  p r o d u c e d  by t h e  c h a r t  r e c o r d e r  b u t  
t h i s  h a s  b e e n  shown t o  be u n n e c e s s a r y  by L e v e n s p i e l  and  
S m ith  ( 7 1 ) .
-  2 1 6  -
The f i r s t  moment o f  t h e  d i m e n s i o n l e s s  r e s p o n s e
i-£
e q u a t i o n
c u r v e  (b i s  r e l a t e d  t o  t h e  mean r e s i d e n c e  t im e  t  , by t h er m j 0
t  r. 0  t r 7 . 2 7m  ^ L '
w h ere  t R -  mean r e s i d e n c e  t im e  i f  s y s t e m  w e re  i n
p l u g  f l o w .
The s e c o n d  moment o f  t h e  d i m e n s i o n l e s s  r e s p o n s e  c u r v e
2 . , . 2
a i s  r e l a t e d  t o  t h e  t im e  b a s e d  v a r i a n c e  by
. 2 2 t 2 , p
t  L ^
Van d e r  Laan ( 7 2 )  h a s  shown t h a t
2 
P<t> = 1 + t  7.29E
w h ere  ? „  -  P e c l e t  num ber o f  l i q u i d  p h a s elij
Thus t h e  P e c l e t  Number c an  b e  c a l c u l a t e d  fr o m  e q u a t i o n s  
7 . 2 7 , 7 . 2 8 ,  7 . 2 9  * 7 ° 3 0  b y  a s l i g h t  r e a r r a n g e m e n t  t o  g i v e
, 2  f t ;  2 M , 2 v2
m = *  V  _ ( 1  t p f t  7 , ,— o - p ^ 2 ~  = _______  m I . 31
° t ~  a " t  L ( 2 P g + 8 )
E q u a t i o n s  7 . 2 9 *  7 <>27 and 7 * 2 8  can  t h e n  be u s e d  
t o  e v a l u a t e  t h e  d i m e n s i o n l e s s  v a r i a n c e  w h ic h  C a m p b e l l  ( 1 8 )  
h a s  s u g g e s t e d  s h o u l d  be u s e d  f o r  c o m p a r in g  on e  s y s t e m  w i t h  
a n o t h e r .
The mean r e s i d e n c e  t im e  o f  t h e  c o r r e s p o n d i n g  p l u g  
f l o w  s y s t e m ,  t’L , can  be w r i t t e n  a s
t T = |  7 . 3 2
AJ V
w h ere  V -  a c t i v e  v o lu m e  o f  l i q u i d  on d i s t i l l a t i o n  t r a y  
v  -  vo lu m e f l o w  r a t e  o f  l i q u i d  i n t o  s y s t e m ,  
fr o m  w h ic h  v a l u e s  o f  t h e  l i q u i d  h o l d - u p  may be c a l c u l a t e d .
The v a l u e s  o f  t h e  P e c l e t  n u m b e r s h o l d - u p  and  
d i m e n s i o n l e s s  v a r i a n c e  a r e  shown i n  t a b l e s  2 6  t o  37*
P r e v i o u s  w o r k e r s  i n v e s t i g a t i n g  l i q u i d  m i x i n g  on  
s i e v e  t r a y s  who a ssu m e d  a d o u b l y  i n f i n i t e  s y s t e m  ( 2 8 , 5 6 )  
h a v e  u s e d  a s l i g h t l y  d i f f e r e n t  a p p r o a c h  t o  t h a t  o f  
Van d e r  L aan  ( 7 2 )  and h a v e  o b t a i n e d  t h e  r e l a t i o n s h i p
w h ic h  can  be o b t a i n e d  fr o m  e q u a t i o n  7 “ * 2 9  and 7 ~ 3 0  i f  t h e  
P e c l e t  num ber i s  assu m ed  t o  b e  l a r g e .  I t  can b e  s e e n  fr o m  
t h e  r e s u l t s  t a b l e s  26  t o  37  t h a t  t h e  P e c l e t  num ber fr o m  
t h i s  work i s  u s u a l l y  o v e r  20  and s o  t h e  d i f f e r e n c e  b e t w e e n  
t h e  tw o a p p r o a c h e s  s h o u l d  be  l e s s  t h a n  1 0 #  i n  v a l u e s  o f  p 
and l e s s  th a n  5% i n  v a l u e s  o f  o .
The P e c l e t  num ber i s  d e f i n e d  a s
-  2 1 8  -
w h ere  uT -  mean v e l o c i t y  o f  f l u i d  i n  s y s t e m
L L e n g t h  o f  l i q u i d  t r a v e l
Dg -  e d d y  d i f f u s i o n  c o e f f i c i e n t .
The e d d y  d i f f u s i o n  c o e f f i c i e n t  i s  b y  d e f i n i t i o n  a n a l o g o u s  
t o  t h e  m o l e c u l a r  d i f f u s i o n  c o e f f i c i e n t  o f  c l a s s i c a l  m ass  
t r a n s f e r  and c h a r a c t e r i s e s  t h e  amount o f  m i x i n g  t a k i n g  
p l a c e  i n  t h e  s y s t e m .  The P e c l e t  num ber may be c o n s i d e r e d
t o  b e  a r a t i o  o f  t h e  mean l i n e a r  v e l o c i t y  o f  t h e  f l u i d
t h r o u g h  t h e  s y s t e m  b a s e d  on t h e  h o l d - u p  c a l c u l a t e d  fr o m  t ^
and t h e  h y p o t h e t i c a l  v e l o c i t y  o f  f l u i d  moved b y  t h e  eddy  
d i f f u s i o n  m e c h a n is m . Thus f o r  s y s t e m s  e x h i b i t i n g  s m a l l  
a m ou n ts  o f  m i x i n g  t h e  P e c l e t  num ber w i l l  b e  l a r g e  and i t  
w i l l  r e d u c e  m a r k e d ly  a s  t h e  am ount o f  m i x i n g  i n c r e a s e s .
7 . 4 .  3 * 1 S i e v e  T ra y
F i g u r e s  V I I - 4 1  and V I I - 4 2  show t h e  P e c l e t  num ber  
p l o t t e d  a g a i n s t  t h e  f l u i d  f l o w  r a t e s  and w e i r  h e i g h t .  The  
P e c l e t  num ber i s  s e e n  t o  b e  i n d e p e n d e n t  o f  t h e  a i r  r a t e  and  
t o  i n c r e a s e  w i t h  b o t h  l i q u i d  r a t e  and w e i r  h e i g h t .  T h e s e  
t r e n d s  a g r e e  w i t h  p r e v i o u s  w o r k e r s  ( 2 0 , 2 8 , 6 5 > 6 7 ) i n  r e s p e c t  
o f  t h e  v a r i a t i o n s  w i t h  l i q u i d  r a t e  and w e i r  h e i g h t .
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H o w e v e r 3 some w o r k e r s  ( 2 8 , 6 5 36 7 )  h a v e  r e p o r t e d  t h a t  t h e  
amount o f  m i x i n g  t a k i n g  p la .c e  on t h e  t r a y  a l t h o u g h  b e i n g  
i n d e p e n d e n t  o f  t h e  g a s  r a t e  d i r e c t l y ,  d i d  h a v e  a d e p e n d e n c e  
on g a s  r a t e  i n  a s  f a r  a s  i t  a f f e c t e d  t h e  f r o t h  d e n s i t y  and  
l i q u i d  h o l d - u p .  T h e s e  w o r k e r s  show ed t h a t  t h e  P e c l e t  num ber  
d e c r e a s e d  a s  t h e  r a t i o  o f  t h e  c l e a r  l i q u i d  h o l d - u p  t o  f r o t h  
d e n s i t y  f a c t o r  i n c r e a s e d .  From t h e  v a l u e s  o f  Zc and  
r e p o r t e d  h e r e i n  i t  i s  e v i d e n t  t h a t  b o t h  d e c r e a s e  w i t h  
i n c r e a s e s  i n  t h e  F^ f a c t o r  b u t  t h a t  t h e  r a t i o  i s  
a p p r o x i m a t e l y  c o n s t a n t .  The i n d e p e n d e n c e  o f  t h e  P e c l e t  
number w i t h  FA f a c t o r  i s  n o t  t h e r e f o r e  i n c o n s i s t a n t  w i t h  t h e
r e s u l t s  o f  t h e s e  w o r k e r s  ( 2 8 , 6 5 * 6 7 ) .
The e d d y  d i f f u s i o n  c o e f f i c i e n t s  Dw5 c a l c u l a t e dill ”
f r o m  e q u a t i o n  7 * 3 5  w h e re  t h e  l i n e a r  f l u i d  v e l o c i t y  Uj. was  
c a l c u l a t e d  fr o m  t h e  e q u a t i o n .
a  = z l
—  f , 3 o
a r e  shown t a b u l a t e d  i n  t h e  t a b l e s  26 t o  3 7 .  The d a t a  c a n  be  
w e l l  c o r r e l a t e d  b y  t h e  e q u a t i o n
D e  x 1 0 2 = 8 . 6 3 ul  -  0 . 0 6 7 W + 0 . 3 3  7 . 3 7
w h ere  u. -  mean l i q u i d  v e l o c i t y
W -  w e i r  h e i g h t .
F i g u r e  V I I - 4 3  sh ow s t h e  e x p e r i m e n t a l  v a l u e s  o f  t h e  d i f f u s i o n  
c o e f f i c i e n t  p l o t t e d  a g a i n s t  c o r r e s p o n d i n g  v a l u e s  c a l c u l a t e d  
f r o m  e q u a t i o n  7 * 3 7 .  A H  t h e  p l o t t e d  d a t a  i s  s e e n  t o  l i e  
w i t h i n  10 #  o f  t h e  p r e d i c t i o n  l i n e .
The am ount o f  m i x i n g  t a k i n g  p l a c e  i n  t h e  l i q u i d  
p h a s e ,  a s  c h a r a c t e r i s e d  by t h e  d i f f u s i o n  c o e f f i c i e n t ,  i s  s e e n  
t o  i n c r e a s e  a s  t h e  l i q u i d  r a t e  i n c r e a s e s ,  t o  d e c r e a s e  a s
-  2 2 1  -
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t h e  w e i r  h e i g h t  i n c r e a s e s  and t o  be  v i r t u a l l y  i n d e p e n d e n t  
o f  t h e  g a s  f l o w  r a t e .  T h e s e  t r e n d s  a r e  t h e  same a s  t h o s e  
r e p o r t e d  b y  G i l b e r t  ( 2 0 )  b u t  C a m p b e ll  ( 1 8 )  r e p o r t e d  
d i f f u s i v i t y  v a l u e s  t h a t  w e re  i n d e p e n d e n t  o f  t h e  w e i r  
h e i g h t  a s  w e l l  a s  a i r  r a t e .  M iy a u c h i  ( 6 7 )  r e p o r t e d  eddy  
d i f f u s i o n  c o e f f i c i e n t s  t h a t  w e re  d i r e c t l y  d e p e n d e n t  upon  
t h e  w e i r  h e i g h t  and v a r i e d  a s  t h e  s q u a r e  r o o t  o f  b o t h  t h e  
a i r  and l i q u i d  v e l o c i t i e s .  B a r k e r  and S e l f  ( 6 5 ) r e p o r t e d  
a m a jo r  d e p e n d e n c  o f  D-, upon t h e  l i q u i d  h o l d - u p  and a  m in o r  
d e p e n d e n c e  on g a s  r a t e .  W e l c h ,  D u r b in  and H o l l a n d  ( 6 6 )  
r e p o r t e d  t h a t  f o r  f u l l y  o p e n  v a l v e s  on v a l v e  t r a y s  Dw was  
d i r e c t l y  p r o p o r t i o n a l  t o  t h e  l i q u i d  v e l o c i t y .
F i g u r e s  V I I - 4 4  and V I I - 4 5  show t h e  d i m e n s i o n l e s s  
v a r i a n c e  p l o t t e d  a g a i n s t  t h e  f l o w  r a t e s  an d  w e i r  h e i g h t .  I t  
i s  e v i d e n t  t h a t  t h e  l i q u i d  r a t e  and w e i r  h e i g h t  a r e  t h e  
p r im e  v a r i a b l e s  a f f e c t i n g  t h e  v a r i a n c e .  A t  low  l i q u i d  r a t e s  
t h e  v a r i a n c e  a p p r o a c h e s  a  c o n s t a n t  v a l u e  w h ic h  d e c r e a s e s  
r a p i d l y  as  t h e  l i q u i d  r a t e  i n c r e a s e s .  The m o st  p r o b a b l e  
r e a s o n  f o r  t h i s  r e s u l t  i s  t h a t  t h e  l i q u i d  momentum i s  one o f  
t h e  fu n d a m e n t a l  f a c t o r s  i n  d e t e r m i n i n g  t h e  d e g r e e  o f  m i x i n g .  
The g r e a t e r  t h e  l i q u i d  momentum t h e n  t h e  g r e a t e r  w i l l  be  
t h e  t e n d e n c y  f o r  t h e  l i q u i d  t o  r e m a in  i n  u n i f o r m  m o t io n  
a c r o s s  th e -  t r a y  and t h e  more d i f f i c u l t  i t  w i l l  b e  f o r  any  
e x t e r n a l  f o r c e ,  s u c h  a s  t h e  im p a c t  o f  g a s  f r o m  t h e  
p e r f o r a t i o n s , t o  c h a n g e  t h e  v e l o c i t y  v e c t o r  o f  a g i v e n  f l u i d  
e l e m e n t .
The d e c r e a s e  i n  t h e  amount o f  m i x i n g  a s  t h e  w e i r  
h e i g h t  i n c r e a s e s  can  b e  s i m i l a r l y  e x p l a i n e d .  As t h e  w e i r  
h e i g h t  i n c r e a s e s  s o  d e e s  the- l i q u i d  h o l d - u p  a n d ,  a l t h o u g h  
t h e  mean v e l o c i t y  o f  f l o w  a c r o s s  t h e  t r a y  w i l l  d e c r e a s e ,  
t h o  l i q u i d  momentum se em s t o  b e  g r e a t e r  a t  t h e  h i g h e r  w e i r
-  223 -
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h e i g h t .  T h e s e  t r e n d s  a r e  i n  a g r e e m e n t  w i t h  e a r l i e r  w o r k e r s  
( 2 0 , 2 8 , 5 6 , 6 6 ) .
The a rg u m e n t p r o p o s e d  a b o v e  t o  e x p l a i n  t h e  
v a r i a t i o n s  i n  v a r i a n c e  can  s i m i l a r l y  be u s e d  t o  e x p l a i n  t h e  
e d d y  d i f f u s i o n  c o e f f i c i e n t  v a r i a t i o n s  w i t h  f l u i d  f l o w  r a t e s  
and w e i r  h e i g h t .
C a m p b e l l  ( 1 8 )  h a s  s t a t e d  t h a t  t h e  v a r i a n c e  
c a l c u l a t e d  fr o m  t h e  e q u a t i o n
o 2 = a 2 7 . 3 8
X m
i s  t h e  m o st  u s e f u l  p a r a m e t e r  f o r  c o m p a r in g  t h e  amount o f  
l i q u i d  m i x i n g  t a k i n g  p l a c e  i n  d i f f e r e n t  s y s t e m s .  The u s e  
o f  t h e  P e c l e t  num ber o r  d i f f u s i o n  c o e f f i c i e n t  f o r  c o m p a r in g  
s y s t e m s  r e l i e s  upon t h e  a p p l i c a b i l i t y  o f  e i t h e r  an eddy  
d i f f u s i o n  o r  s i m i l a r  m a t h e m a t i c a l  m o d e l .  T h i s  a p p r o a c h  h a s  
b e e n  u s e d  s o  w i d e l y  ( 2 0 , 2 4 , 5 6 , 6 6 , 6 7 , 6 8 , 6 9 ) b e c a u s e  o f  t h e  
P e c l e t  num bers u s e  i n  a p l a t e  e f f i c i e n c y  p r e d i c t i o n  m eth o d  
( 2 4 )  ( s e e  s e c t i o n  2 . 4 . 3 ) .
The u s e  o f  t h e  t i m e  b a s e d  v a r i a n c e  a s  s u g g e s t e d
by G i l b e r t  ( 2 0 )  and F o s s  e t . a l .  ( 2 8 )  a ssu m e s  t h a t  t h e
s y s t e m s  t o  b e  c om p a red  a r e  o f  t h e  same o r d e r  o f  s i z e  and
m i x i n g  c h a r a c t e r .  W h i l e  t h i s  may be t r u e  f o r  s i e v e  t r a y s  o f
m o d e r a te  s i z e  i t  i s  n o t  p o s s i b l e  t o  com pare  r e a l i s t i c a l l y
a l a r g e  s y s t e m  w i t h  a  s m a l l  d e g r e e  o f  m i x i n g  g i v i n g ,  s a y ,  a
2
v a r i a n c e  o f  1 5 0  s e c s  w i t h  a  s m a l l  w e l l  m ix e d  s y s t e m  h a v i n g  
a v a r i a n c e  o f  15  s e c s " .
C a m p b e l l  ( 1 8 )  a r g u e d  t h a t  o n c e  t h e  p o s i t i o n  o f  
t h e  r e s p o n s e  c u r v e  i n  t h e  time- dom ain  c e a s e s  t o  be a  
f a c t o r  ( a s  i t  i s  w i t h  t h e  t im e  b a s e d  v a r i a n c e )  c o m p a r is o n  
betx\re e n  s y s t e m s  c o u l d  b e  c a r r i e d  o u t  on a b a s i s  o f  t h e  s h a p e  
o f  t h e i r  r e s p o n s e  c u r v e s  t o  a  d e l t a  f u n c t i o n  i n p u t  b y  u se
-  2 2 6  -
o f  t h e  d i m e n s i o n l e s s  v a r i a n c e .  T h is  a p p r o a c h  h a s  n o t  b e e n  
w i d e l y  u s e d  i n  d i s t i l l a t i o n  w ork b e c a u s e  t h e  p r e d i c t i o n  
t e c h n i q u e  o f  F o s s  e t . a l . ( 2 8 )  ( s e c t i o n  2 . 4 . 3 ,  3 . 1 , 3 . 2  and  
3 « 3 )  i s  n o t  c a p a b l e  o f  as  d i r e c t  a p p l i c a t i o n  a s  t h a t  o f  t h e  
A m e r ic a n  I n s t i t u t i o n . ( 2 4 )
The v a r i a t i o n s  o f  t h e  d i m e n s i o n l e s s  v a r i a n c e  
r e p o r t e d  h e r e i n  f o l l o w  c l o s e l y  t h o s e  r e p o r t e d  by  Thomas and  
C a m p b e ll  ( 5 6 ) and a r e  n o t  a t  v a r i a n c e  w i t h  t h e  v a l u e s  t h a t  
c an  be  a b s t r a c t e d  fr o m  t h e  w ork o f  o t h e r s  ( 2 0 , 2 8 , 6 5 * 6 6 )
The v a l u e s  o f  t h e  d i m e n s i o n l e s s  v a r i a n c e  f o r  
l i q u i d  f l o w s  g r e a t e r  t h a n  15  g a l l o n s / m i n u t e  c an  be c o r r e l a t e d  
by t h e  e q u a t i o n
o2  x 1 0 2 = 1 3 . 8 7  -  0 . 1 9 4 Fa  -  0 .3 5 6 V /
-  O .O 6 8 L 7 . 3 9
F i g u r e  V I I - 4 6  show s t h e  v a r i a n c e  p l o t t e d  a g a i n s t  t h e  
c o r r e s p o n d i n g  v a l u e  o b t a i n e d  fr o m  e q u a t i o n  7 . 3 9 .  I t  i s  
s e e n  t h a t  t h e  m a j o r i t y  o f  t h e  d a t a  p l o t t e d  l i e s  w i t h i n
2 . 5 #  o f  t h e  p r e d i c t i o n  l i n e .  W h i le  i t  i s  o b v i o u s  t h a t
e q u a t i o n  7 * 3 9  i s  o n l y  a p p l i c a b l e  o v e r  a l i m i t e d  r a n g e  o f  
f l o w  r a t e s ,  t h e  a u t h o r  f e e l s  t h a t  c o r r e l a t i o n s  o f  t h e  
d i m e n s i o n l e s s  v a r i a n c e  w i t h  f l o w  r a t e  and t o w e r  p a r a m e t e r s  
w i l l  e n a b l e  w i d e r  u s e  o f  t h e  e f f i c i e n c y  p r e d i c t i o n  m eth od  
o f  F o s s  e t . a l  ( 2 8 ) .
7 . 4 . 3 . 2  S i e v e  T r a y  p l u s  Downcomer
The l i q u i d  m i x i n g  i n  t h e  c o m b in e d  s i e v e  t r a y  and
downcom er s y s t e m  i s  f a r  more c o m p le x  t h a n  f o r  t h e  t r a y  a l o n e .
The f l u i d  i n  t h e  dow ncom er c o n s i s t s  o f  a p o o l  i n t o  w h ich  
l i q u i d  c a s c a d e s  and s o  t h e  amount o f  m i x i n g  t a k in g ;  p l a c e  w i l l  
d e p e n d  t o  some d e g r e e  upon t h e  im p a c t  momentum o f  t h e  l i q u i d .  
The amount o f  m i x i n g  on t h e  t r a y  a l o n e  h a s  a l r e a d y  b e e n
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e x p l a in e d ,  i n  te r m s  o f  t h e  l i n e a r  momentum o f  t h e  f l u i d .
The a p p l i c a b i l i t y  o f  t h e  e d d y  d i f f u s i o n  m o d e l  t o  su c h  a 
m ix e d  s y s t e m  i s  o f  d o u b t f u l _v a l i d i t y  b u t  may be o f  some u se  
as a f i r s t  a p p r o x i m a t i o n .
The s t u d y  o f  t h e  c o m b in ed  t r a y  and downcom er  
s y s t e m  i s  o f  i m p o r t a n c e  b e c a u s e  i t  i s  o f  s u c h  u n i t s  t h a t  
d i s t i l l a t i o n  c o lu m n s  a r e  c o n s t r u c t e d .  The d i f f u s i o n  m o d e l  
w i l l  be a p p l i e d  t o  t h e  c o m b in e d  s y s t e m  and by  c o m p a r is o n  w i t h  
'th e  r e s u l t s  o f  t h e  t r a y  a l o n e  some c o n c l u s i o n s  a b o u t  t h e  
m i x i n g  c h a r a c t e r  o f  t h e  dow ncom er w i l l  b e  d raw n .
F i g u r e s  V I I - 47  and V I I - 4 8  show t h e  P e c l e t  num ber  
o f  t h e  c o m b in e d  s y s t e m  c a l c u l a t e d  fr o m  e q u a t i o n  7 . 3 1  p l o t t e d  
a g a i n s t  t h e  f l u i d  f l o w  r a t e s  and w e i r  h e i g h t .  The P e c l e t  
num ber f o l l o w s  t h e  same t r e n d s  as  h a v e  b e e n  r e p o r t e d  a b o v e  
f o r  t h e  t r a y  a l o n e .  An I n c r e a s e  as t h e  l i q u i d  r a t e  and w e i r  
h e i g h t  a r e  i n c r e a s e d  a s  w e l l  as  a v i r t u a l  in d e p e n d e n c e  o f  
t h e  a i r  r a t e  a r e  e v i d e n t  b u t  t h e  r a t e  o f  i n c r e a s e  a t  h i g h e r  
l i q u i d  r a t e s  i s  much g r e a t e r  t h a n  f o r  t h e  t r a y  a l o n e  and a t  
lo w  l i q u i d  r a t e s  t h e  P e c l e t  num ber i s  a l m o s t  c o n s t a n t .  The  
v a l u e s  o f  t h e  P e c l e t  num ber f o r  t h e  c o m b in e d  s y s t e m  a r e  
a lw a y s  some 35% t o  45% h i g h e r  t h a n  t h e  c o r r e s p o n d i n g  v a l u e s  
f o r  t h e  t r a y  a l o n e .
The P e c l e t  num ber may b e  l o o k e d  upon a s  t h e  r a t i o  
o f  t h e  t r a n s f e r  r a t e  o f  f l u i d  by b u l k  f l o w  t o  t h a t  by  
d i f f u s i o n .  I t  i s  t h u s  e v i d e n t  t h a t ,  s i n c e  t h e  b u l k  f l o w  
t h r o u g h  t h e  s y s t e m  I s  t h e  same f o r  b o t h  t h e  t r a y  and t h e  
t r a y  p l u s  d o w n co m e r , t h e  am ount o f  m i x i n g  t a k i n g  p l a c e  i n  
t h e  c o m b in e d  s y s t e m  i s  l e s s  t h a n  t h a t  t a k i n g  p l a c e  on t h e  
t r a y  a l o n e .  T h i s  d o e s  n o t  mean t h a t  t h e  dow ncom er d o e s ,  i n  
some w a y , r e v e r s e  t h e  m i x i n g  t h a t  h a s  t a k e n  p l a c e  on t h e  
t r a y  b u t  r a t h e r ,  t h a t  t h e  amount o f  m i x i n g  t h a t  o c c u r s  i n
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t h e  co m b in e d  s y s t e m  i s  l e s s  t h a n  t h a t  w h ic h  w o u ld  h a v e  
o c c u r e d  on a t r a y  c o n t a i n i n g  an e q u a l  v o lu m e o f  l i q u i d  t o  
t h e  c o m b in e d  s y s t e m  and on w h ic h  t h e  f l u i d  r e s i d e d  f o r  t h e  
same mean r e s i d e n c e  t i m e .  I t  i s  t h u s  a p p a r e n t  t h a t  t h e  
downcom er i s  l e s s  w e l l  m ix e d  and t h e r e f o r e  c l o s e r  t o  p l u g  
f l o w  th a n  t h e  t r a y  a l o n e .  T h i s  o b s e r v a t i o n  a g r e e s  w i t h  
Thomas ( 5 6 ) and can  b e  e x p l a i n e d  o n l y  b e c a u s e  o f  t h e  
c o m p l e t e l y  d i f f e r e n t  h y d r a u l i c  c h a r a c t e r  o f  t h e  downcomer  
t o  t h a t  o f  t h e  t r a y .  The l i q u i d  i n  t h e  dow ncom er i s  n o t  
s u b j e c t  t o  t h e  im p a c t  o f  g a s  j e t s  l e a v i n g  t h e  p e r f o r a t i o n s  
and d o e s  n o t  h a v e  a l o n g  h o r i z o n t a l  t r a v e l  a s  d o e s  t h e  
l i q u i d  on t h e  t r a y .  The o n l y  f o r c e s  c a u s i n g  f l u i d  p a c k e t s  
i n  t h e  downcom er t o  move i n  o t h e r  th a n  t h e  g e n e r a l  f l o w  
d i r e c t i o n  se em s t o  b e  t h e  im p a c t  momentum o f  t h e  l i q u i d  
c a s c a d i n g  fro m  t h e  w e i r  and any s w i r l i n g  c a u s e d  by  t h e  
g e o m e t r i c  s h a p e .  T h e s e  f a c t o r s  g i v e  r i s e  t o  l e s s  m i x i n g  t h a n  
o c c u r s  i n  t h e  l i q u i d  on t h e  t r a y .
The ed d y  d i f f u s i o n  m o d e l  assu m e s  t h a t  l i q u i d  
f lo w s '  t h r o u g h  a s y s t e m  a t  a c o n s t a n t  mean v e l o c i t y .  I f  t h i s  
i s  n o t  s o ,  t h e  s o l u t i o n  o f  e q u a t i o n  2 . 4 9  b e c o m e s  i m p r a c t a b l e  
i f  a m a n a g a b le  r e l a t i o n s h i p  i s  t o  be  o b t a i n e d .
In  t h e  c o m b in e d  s y s t e m  t h e  f l u i d  u n d e r g o e s  v a r i o u s  
c h a n g e s  i n  v e l o c i t y  d u r i n g  i t s  t r a v e l  fr o m  t r a y  i n l e t  t o  
w e i r  o u t l e t .  The i n i t i a l  m o t io n  a c r o s s  t h e  t r a y  i s  a t  some  
c o n s t a n t  v e l o c i t y .  The f l u i d  t h e n  a c c e l e r a t e s  as  i t  p a s s e s  
t h r o u g h  t h e  c r e s t  o v e r  t h e  w e i r  and u n d e r  g o e s  a p e r i o d  o f  
f r e e  f a l l  u n t i l  m a k in g  c o n t a c t  w i t h  t h e  downcom er p o o l .  A 
r a p i d  d e c c e l e r a t i o n  f o l l o w s  a f t e r  w h ic h  t h e r e  i s  a s h o r t  
t i m e  a t  c o n s t a n t  v e l o c i t y .  An a c c e l e r a t i o n  t h e n  t a k e s  p l a c e  
a s  t h e  l i q u i d  t r a v e r s e s  t h e  u n d e r f l o w  w e i r .
The c h a r a c t e r i s a t i o n  o f  t h i s  s y s t e m  by some mean
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v e l o c i t y  i s  u s e f u l  a s  a f i r s t  a p p r o x i m a t i o n  b u t  t l ie  a u t h o r  
f e e l s  t h a t  t h e  r i g i d  a p p l i c a b i l i t y  o f  t h e  ed d y  d i f f u s i o n  
m o d e l  i s  n o t  a p p r o p r i a t e .  As p r e v i o u s l y  s t a t e d  t h e  g e n e r a l  
t r e n d s  o f  t h e  P e c l e t  num ber a r e  u s e f u l  b u t  t h e  d i s c u s s i o n  
and c o r r e l a t i o n  o f  t h e  e d d y  d i f f u s i v i t i e s  se em s t o  b e  
u n r e a l i s t i c .
The v a l u e s  o f  e d d y  d i f f u s i v i t y , D„ 9 and mean f l u i dHi
v e l o c i t y ,  u ^ ,  c a l c u l a t e d  u s i n g  e q u a t i o n s  7~*35 and 7 “ 36 a r e  
r e p o r t e d  f o r  c o m p l e t e n e s s  i n  t a b l e s  26  t o  3 7 .  The l e n g t h  o f  
l i q u i d  t r a v e l ,  L ,  was c a l c u l a t e d  a s
L = ZL + ZDC + W 7 . 4 0
w h ere  Z^ -  t r a y  l e n g t h
“  d i s t a n c e  b e t w e e n  t r a y s  
W -  w e i r  h e i g h t
The v a l u e s  o f  t h e  d i m e n s i o n l e s s  v a r i a n c e  o f  t h e  
l i q u i d  i n  t h e  c o m b in e d  t r a y  and downcom er s y s t e m  a r e  shown  
p l o t t e d  a g a i n s t  t h e  f l u i d  f l o w  r a t e s  and w e i r  h e i g h t  i n  ■ 
f i g u r e s  V I I - 4 9  and V I I - 5 0 .  The v a r i a n c e  i s  s e n s i b l y  c o n s t a n t  
f o r  l i q u i d  r a t e s  up t o  1 5  g a l l o n s  p e r  m in u te  b u t  t h e n  
r e d u c e s  r a p i d l y  a s  t h e  l i q u i d  r a t e  i n c r e a s e s .  The v a r i a n c e  
a l s o  i n c r e a s e s  a s  t h e  w e i r  h e i g h t  i n c r e a s e s  b u t  i s  v i r t u a l l y  
in d e p e n d e n t  o f  t h e  f a c t o r .
The v a r i a n c e  e x h i b i t s  t h e  same t r e n d s  a s  w ere  n o t e d  
f o r  t h e  t r a y  a l o n e  b u t  t h e  v a l u e s  a r e  much s m a l l e r .  T h i s  
-would i n d i c a t e  t h a t  t h e  amount o f  m ixin g ; t a k in g ;  p l a c e  i n  t h e  
c o m b in e d  s y s t e m  i s  l e s s  t h a n  t h a t  w h ic h  t a k e s  p l a c e  on t h e  
t r a y  a l o n e .  F o r  t h e  same r e a s o n s  as  w e re  e x p o u n d e d  when t h e  
P e c l e t  num ber was d i s c u s s e d  i t  may be c o n c l u d e d  t h a t  t h e  
f l u i d  i n  t h e  downcom er i s . m u c h  n e a r e r  p l u g  f l o w  t h a n  t h a t  
on t h e  t r a y .  T h i s  o b s e r v a t i o n  a g r e e s  w i t h  t h a t  o f  Thomas
- 233 -
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and C a m p b e ll  ( 5 6 ) .
The t r e n d s  i n  t h e  v a l u e s  o f  t h e  v a r i a n c e  w i t h  
v a r i a t i o n s  i n  f l o w  r a t e  and w e i r  h e i g h t  may be e x p l a i n e d  by  
t h e  same r e a s o n i n g  a s  was u s e d  t o  e x p l a i n  t h e  v a r i a t i o n s  i n  
t h e  P e c l e t  n u m b e r . The l i n e a r  l i q u i d  momentum seem s t o  b e  
t h e  m a jo r  v a r i a b l e  and t h e  g r e a t e r  i t  i s  t h e  l e s s  t h e  d e g r e e  
o f  m i x i n g .
An a t t e m p t  was made t o  c o r r e l a t e  t h e  v a r i a n c e  w i t h  
t h e  f l u i d  f l o w  r a t e s  and w e i r  h e i g h t  b u t  no s a t i s f a c t o r y  
r e l a t i o n s h i p  was o b t a i n e d .
-  2 3 6  -
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7 . 5 .  EFFECT OF LIQUID RESIDENCE TIME AND DEGREE OF MIXING  
UPON THE MASS TRANSFER EFFICIENCY.
7 . 5 . 1 .  R e s i d e n c e  Time and P l a t e  E f f i c i e n c y .
I t  i s  i m p o r t a n t  t o  e s t a b l i s h  t h e  fu n d a m e n t a l  
f a c t o r s  a f f e c t i n g  t h e  m ass  t r a n s f e r  e f f i c i e n c y  i n  a d i s t i l l a t i o n  
c o lu m n . I n  any r a t e  p r o c e s s ,  t im e  I s  g o i n g  t o  be  an i m p o r t a n t  
v a r i a b l e  and a n y t h i n g  w h ic h  a f f e c t s  t h e  r e s i d e n c e  t i m e  o f  
t h e  l i q u i d  a n d / o r  t h e  g a s  on t h e  t r a y  w i l l  h a v e  an e f f e c t  
on t h e  m ass t r a n s f e r  e f f i c i e n c y .  V a r i o u s  w o r k e r s  ( 6 , 1 3 * 1 8 ,  
2 1 , 2 3 , 4 3 , 4 7 )  h a v e  shown t h a t  t h e  m a jo r  v a r i a b l e  a f f e c t i n g  
t h e  t r a n s f e r  i n  a s y s t e m  c o n t r o l l e d  by  t h e  l i q u i d  p h a s e  
i s  t h e  l i q u i d  p h a s e  r e s i d e n c e  t im e  and t h a t  t h a t  o f  t h e  a i r  
p h a s e  i s  o f  m in o r  i m p o r t a n c e .
The m ass t r a n s f e r  e f f i c i e n c y  was i n v e s t i g a t e d  
a s  a  f u n c t i o n  o f  f l u i d  f l o w  r a t e  and w e i r  h e i g h t .  I t  i s  
p r o p o s e d  t o  t r y  t o  e s t a b l i s h  what e f f e c t ,  i f  a n y ,  t h e s e  
v a r i a b l e s  h a v e  on t h e  e f f i c i e n c y  d i s t i n c t  fro m  any e f f e c t  
on t h e  l i q u i d  r e s i d e n c e  t i m e .
F i g u r e  V I I - 5 1  show s t h e  v a r i a t i o n  i n  m ass  
t r a n s f e r  e f f i c i e n c y  w i t h  v a r i a t i o n s  i n  t h e  l i q u i d  mean  
r e s i d e n c e  t im e  a t  d i f f e r e n t  w e i r  h e i g h t s .  I t  i s  c l e a r  
t h a t  a s  t h e  mean r e s i d e n c e  t i m e  i s  i n c r e a s e d  t h e r e  i s  a 
c o r r e s p o n d i n g  i n c r e a s e  i n  t h e  e f f i c i e n c y  and a l s o  t h a t  t h e  
e f f i c i e n c y  w i l l  a p p r o a c h  100%  a s  an a s y m t o t e  a s  t h e  
r e s i d e n c e  t i m e  t e n d s  t o  i n f i n i t y .  A r e s u l t  o f  t h i s
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FIG VI1-51 GRAPH OF PLATE EFFICIENCY Em| 
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n a t u r e  i s  t o  be  e x p e c t e d  b e c a u s e  t h e  l o n g e r  t h e : r e s i d e n c e  
t i m e  o f  t h e  l i q u i d  on t h e  t r a y  t h e  g r e a t e r  w i l l  b e  t h e  g a s -  
l i q u i d  c o n t a c t  t i m e  w h ic h  w i l l  r e s u l t  i n  a g r e a t e r  amount  
o f  m ass b e i n g  t r a n s f e r r e d  g i v i n g  r i s e  t o  an i n c r e a s e  i n  
t h e  m ass t r a n s f e r  e f f i c i e n c y .
F i g u r e  V I I -  5 2  a l s o  shows t h a t  f o r  a g i v e n  l i q u i d  
mean r e s i d e n c e  t i m e  t h e  M u rp h ree  l i q u i d  e f f i c i e n c y  i s  i n c r e a s e d  
s l i g h t l y  w i t h  i n c r e a s e s  i n  w e i r  h e i g h t  a t  r e s i d e n c e  t i m e s  
b e lo w  1 5  s e c o n d s  b u t  t h e  c o n v e r s e  i s  t r u e  a t  h i g h e r  
r e s i d e n c e  t i m e s .  When t h e  d a t a  c o n t a i n e d  i n  T a b l e s  14 t o  
2 5  i s  s t u d i e d  i t  i s  c l e a r  t h a t  t h e  l i q u i d  p h a s e  e f f i c i e n c y  
a t  any p a r t i c u l a r  l i q u i d  r e s i d e n c e  t im e  i s  s e n s i b l y  
i n d e p e n d e n t  o f  t h e  a i r  r a t e .  I t  i s  t h u s  c l e a r  t h a t  t h e  
l i q u i d  p h a s e  e f f i c i e n c y  i s  o n l y  d e p e n d e n t  u p on  t h e  l i q u i d  
r e s i d e n c e  t i m e  and t h a t  t h e  f l u i d  f l o w  r a t e s  o r  w e i r  h e i g h t  
h a v e  no s i g n i f i c a n t  e f f e c t  e x c e p t  a s  f a r  a s  t h e y  a f f e c t  
t h e  r e s i d e n c e  t i m e .
V a r i o u s  w o r k e r s  ( 6 , 1 2 , 1 4 , 2 1 , 2 6 , 5 4 , 5 6 , 5 7 )  h a v e  
r e p o r t e d  a s l i g h t  i n c r e a s e  i n  t h e  e f f i c i e n c y  w i t h  i n c r e a s e s  
i n  g a s  f l o w  r a t e  and t h e r e  h a s  b e e n  c o n s i d e r a b l e  s p e c u l a t i o n  
a s  t o  t h e  r e a s o n .  The m a j o r i t y  o p i n i o n  i s  t h a t  t h e  
r e s u l t  i s  due t o  s e v e r a l  c o u n t e r a c t i n g  e f f e c t s  o f  t h e  
v a r i a b l e s  i n v o l v e d .  The i n c r e a s e  i n  t h e  g a s  r a t e  s h o u ld  
r e s u l t  i n  an i n c r e a s e  i n  f r o t h  h e i g h t  ( s e c t i o n  7 * 1 * 3 ) w h ic h  
i n c r e a s e s  t h e  c o n t a c t  t i m e  b e tw e e n  t h e  p h a s e s .  The i n c r e a s ­
i n g  g a s  r a t e  w i l l  a l s o  i n c r e a s e  t h e  i n t e r f a c i a l  a r e a  ( 4 6 , 4 7 ) *
- 239 ~
P
LA
TE
 
E
F
F
IC
IE
N
C
Y
240 -
FIG V11-52 GRAPH OF THE EFFICIENCY OF THE
PLATE AND THE PLATE PLUS DOWNCOME- 
AGAINST THE MEAN RESIDENCE TIME
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T h e s e  tw o e f f e c t s  w i l l  c a u s e  an i n c r e a s e  i n  t h e  amount  
o f  m a t t e r  t r a n s f e r r e d  and h e n c e  i n  t h e  p l a t e  e f f i c i e n c y .
The c o n t a c t  t i m e  b e t w e e n  t h e  p h a s e s  w i l l  be  r e d u c e d  as  t h e  
g a s  r a t e  i s  i n c r e a s e d  s o  b r i n g i n g  a b o u t  a r e d u c t i o n  i n  
t h e  p l a t e  e f f i c i e n c y .  The r e s u l t s  r e p o r t e d  h e r e i n  show t h a t  
t h e  two e f f e c t s  c a n c e l l  e a c h  o t h e r  o u t  f o r  t h e  p a r t i c u l a r  
e x p e r i m e n t a l  c o n d i t i o n s  u s e d .
An e a r l i e r  r e s u l t  ( s e c t i o n  7 . 3 - 2 )  i n d i c a t e d  t h a t  
t h e r e  was a s i g n i f i c a n t  i n c r e a s e  i n  t h e  m ass  t r a n s f e r  
e f f i c i e n c y  when t h e  dow ncom er was t a k e n  i n t o  a c c o u n t .
The e x a c t  p o s i t i o n  i s  c l e a r l y  shown i n  F i g u r e  V I I - 5 2  w h ic h  
i s  a p l o t  o f  t h e  M u rp h ree  p l a t e  e f f i c i e n c y  a g a i n s t  t h e  
l i q u i d  mean r e s i d e n c e  t i m e  f o r  t h e  t r a y  a l o n e  and f o r  t h e  
t r a y  p l u s  downcom er w i t h  e i t h e r  2 i n c h  o r  5 i n c h  o u t l e t  
w e i r s .  I t  i s  c l e a r  t h a t  f o r  l i q u i d  r e s i d e n c e  t i m e s  up t o  
12  s e c o n d s  t h a t  t h e  p l a t e  e f f i c i e n c y  i s  d i r e c t l y  p r o p o r t i o n -  
a l  t o  t h e  r e s i d e n c e  t i m e  i r r e s p e c t i v e  o f  w h ic h  s y s t e m  i s  
c o n s i d e r e d .  The tw o may be  r e l a t e d  by t h e  e q u a t i o n
- Emt = 6 . 5 8  t  7 . 4 1ML m
I t  i s  c l e a r  t h a t  t h e  e f f i c i e n c y  o f  t h e  c o m b in e d  s y s t e m  
i s  t h e  same a s  w o u ld  be o b t a i n e d  on a t r a y  a l o n e  i f  t h e  
r e s i d e n c e  t i m e s  w e re  i d e n t i c a l .  T h i s  i n d i c a t e s  t h a t  t h e  
downcom er i s  a s  e f f i c i e n t  a  s y s t e m  f o r  m ass  t r a n s f e r  
a s  t h e  t r a y  a l o n e .  T h i s  c o n c l u s i o n  c o n t r a d i c t s  Thomas  
and C a m p b e l l  ( 5 6 )  who fo u n d  t h a t  t h e  d o w n c o m e r , a l t h o u g h  
c o n t r i b u t i n g  s i g n i f i c a n t l y  t o  t h e  m ass  t r a n s f e r  o f  t h e  
c o m b in ed  s y s t e m /  was a r e l a t i v e l y  i n e f f i c i e n t  s y s t e m  f o r
- 242 -
P r e v i o u s  t o  t h e  w ork o f  Thomas and C a m p b e l l  ( 5 6 ) 
i n  1 9 6 7  t h e  a c c e n t  on t h e  r e s i d e n c e  t im e  s t u d y  o f  l i q u i d  
i n  a doitfncomer had b e e n  t o  e n s u r e  t h a t  s u f f i c i e n t  t im e  
was a l l o w e d  f o r  c o m p l e t e  d is e n g a g e m e n t  o f  t h e  v a p o u r .
D a v i e s  ( 3 1 )  show ed t h a t  t h e  minimum r e s i d e n c e  t i m e  o f  
f l u i d  i n  t h e  dow ncom er s h o u l d  be 5 s e c o n d s .  He a r r i v e d  
a t  t h i s  f i g u r e  a f t e r  a s t u d y  on v a r i o u s  b u b b l e  cap  c o lu m n s .  
B a s e d  on t h i s  w ork B o l l e s  ( 3 2 )  and Huang e t . a l .  ( 9 )  a l s o  
recom m ended a s i m i l a r  minimum r e s i d e n c e  t i m e .
The u s e  o f  v a p o u r  d is e n g a g e m e n t  i n  t h e  downcom er  
a s  t h e  o n l y  c r i t e r i a  f o r  d e s i g n  c an  l e a d  t o  an i n t e r e s t i n g  
r e s u l t .  E d u l j e e  ( 4 2 )  h a s  d i s c u s s e d  a colu m n  i n  w h ic h  t h e  
downcom er and t r a y  had e q u a l  r e s i d e n c e  t i m e s .  The r e s u l t s  
o f  t h e  p r e s e n t  i n v e s t i g a t i o n s  show t h a t  t h i s  i s  q u i t e  
s a t i s f a c t o r y  fr o m  a m a ss  t r a n s f e r  s t a n d  p o i n t  b u t  w i t h o u t  
d a t a  on t h e  e n t r a i n m e n t  e n c o u n t e r e d  i n  t h e  e x p e r i m e n t a l  
colu m n  no a b s o l u t e  ju d g e m e n t  can  be m ade. I t  i s  o b v i o u s  
h o w e v e r  t h a t  downcom er d e s i g n  s h o u l d  i n c o r p o r a t e  b o t h  
h y d r o d y n a m ic  and m ass  t r a n s f e r  c o n s i d e r a t i o n s .
7 . 5 . 2 .  L i q u i d  M i x in g  and P l a t e  E f f i c i e n c y .
F o r  a s y s t e m  w h ere  t h e  l i q u i d  p h a s e  r e s i s t a n c e  
i s  t h e  c o n t r o l l i n g  f a c t o r ,  t h e  i n t e r p r e t a t i o n  o f  m ass
mass transfer.
- 243 -
t r a n s f e r  d a t a  o b t a i n e d  fro m  p l a t e  c o lu m n s i s  c o m p l i c a t e d  
b y  t h e  c o n c e n t r a t i o n  c h a n g e s  a s  t h e  l i q u i d  f l o w s  a c r o s s  t h e
p l a t e .  The s i m p l e s t  a p p r o a c h  i s  t o  p r e s e n t  t h e  d a t a  i n
t h e  fo r m  o f  t h e  M u rp h ree  l i q u i d  p h a s e  e f f i c i e n c y ,  E ^ . 
H ow ever E^R i s  n o t  t h e  m o st  d e s i r a b l e  i n d i c a t o r  o f  p l a t e  
p e r f o r m a n c e  b e c a u s e  i t  i s  n o t  s i m p l y  r e l a t e d  t o  t h e  f u n d ­
a m e n t a l  m ass  t r a n s f e r  e q u a t i o n s .  F o r  t h i s  r e a s o n  t h e  num ber  
o f  l i q u i d  p h a s e  m ass t r a n s f e r  u n i t s  i s  t o  b e  p r e f e r r e d .  A
s y s t e m  a c c o m m o d a t in g  one l i q u i d  p h a s e  t r a n s f e r  u n i t  h a s
a l i q u i d  p h a s e  c o n c e n t r a t i o n  c h a n g e  a c r o s s  i t  e q u a l  t o  t h e  
mean d r i v i n g  f o r c e  b e tw e e n  l i q u i d  and g a s  a c t i n g  w i t h i n  
t h e  s y s t e m .
The r e l a t i o n s h i p  b e tw e e n  and t h e  number o f  
l i q u i d  p h a s e  m ass  t r a n s f e r  u n i t s ,  Nr , i s  d e p e n d e n t  upon t h e  
d e g r e e  o f  l i q u i d  m i x i n g  on t h e  t r a y .  B e f o r e  an a d e q u a t e  
m a t h e m a t i c a l  m o d e l  f o r  t h e  l i q u i d  m i x i n g  on t h e  t r a y  had  
b e e n  e v o l v e d  one o f  tw o a s s u m p t i o n s  u s u a l l y  had t o  be  
m ad e . The l i q u i d  was e i t h e r  assum ed t o  be  c o m p l e t e l y  m ix e d  
o r  t o  f l o w  i n  p l u g  f l o w .  R e s u l t s  o b t a i n e d  fr o m  a u s e  o f  
e i t h e r  o f  t h e s e  a s s u m p t i o n s  c a n ,  a s  h a s  b e e n  d i s c u s s e d  i n  
s e c t i o n  2 . 4 ,  b e  s e r i o u s l y  i n  e r r o r .
The tw o m o st  u s e f u l  m o d e l s ,  w h ic h  r e l a t e  t h e  
p l a t e  e f f i c i e n c y  t o  t h e  num ber o f  t r a n s f e r  u n i t s  f o r  s y s t e m s  
w i t h  p a r t i a l  l i q u i d  m i x i n g ,  w ere  d e v e l o p e d  b y  P r o f e s s o r  
G e r s t e r  and c o - w o r k e r s  a t  t h e  U n i v e r s i t y  o f  D e la w a r e  i n  
t h e  e a r l y  1 9 5 0 s , . T h e i r  e a r l y  work r e p o r t e d  i n  t h e  f i n a l  
r e p o r t  o f  t h e  r e s e a r c h  g r o u p  t o  t h e  A . I . C h . E .  ( 2 3 )  u s e d  
an eddy  d i f f u s i o n  m o d e l  and t h e  f i n a l  r e l a t i o n s h i p
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F o s s  e t ,  a l .  ( 2 8 )  p o i n t e d  o u t  t h a t  t h e  eddy d i f f u s i o n  
m o d e l  d i d  n o t  a d e q u a t e l y  d e s c r i b e  t h e  s h o r t  c i r c u i t i n g  o r  
t h e  end e f f e c t s  t h a t  o c c u r  "on d i s t i l l a t i o n  t r a y s .  T h e s e  
w o r k e r s  p r o p o s e d  a m o d e l  w h ic h  u s e d  t h e  r e s i d e n c e  t i m e  d i s ­
t r i b u t i o n  c o n c e p t  and p o i n t e d  o u t  t h a t  t h e  a p p r o a c h  had  
fe w  i f  any l i m i t a t i o n s .  H ow ever t h e  p r a c t i c a l  u s e  o f  
t h e  m o d e l  d e p e n d s  on an a ssu m ed  a n a l y t i c a l  fo r m  o f  t h e  
r e s i d e n c e  t i m e  d i s t r i b u t i o n  c u r v e  b u t  t h e  a u t h o r s  s t i l l  
f e l t  i t  had a d v a n t a g e s  o v e r  t h e  fo r m e r  a p p r o a c h  ( 2 3 ) .
The t h e o r e t i c a l  w ork i n  c h a p t e r  3 u s e s  t h e  
a p p r o a c h  o f  F o s s  e t . a l .  ( 2 8 )  w h ere  t h e  d e g r e e  o f  m i x i n g  
w i t h i n  t h e  s y s t e m  i s  c h a r a c t e r i s e d  by  t h e  v a r i a n c e  o f  t h e  
d i s t r i b u t i o n  c u r v e .  The number o f  t r a n s f e r  u n i t s  i s  
r e l a t e d  t o  t h e  p l a t e  e f f i c i e n c y  and v a r i a n c e  b y  t h e  e q u a t i o n
Nl  = ^  "  EMlP 6 ~ 1 7 . 4 2
6 2
w h ic h  i s  a s i m p l e  r e a r r a n g e m e n t  o f  e q u a t i o n  3 . 3 1 .  The  
v a l u e s  o f  c a l c u l a t e d  fr o m  t h e  a b o v e  e q u a t i o n  h a v e  b e e n  
t a b u l a t e d  a l o n g  w i t h  o t h e r  r e l e v a n t  i n f o r m a t i o n  i n  T a b l e s  
38 t o  4 9 .
F i g u r e  V I I - 53  show s t h e  e f f e c t  o f  v a r i a t i o n s  
i n  t h e  f l u i d  f l o w  r a t e s  and w e i r  h e i g h t  on t h e  number o f  
l i q u i d  p h a s e  m ass  t r a n s f e r  u n i t s  NR . I t  i s  c l e a r  t h a t  NR
involved the liquid phase Peclet number.
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t o  a l e s s e r  e x t e n t  by  w e i r  h e i g h t  a l t e r a t i o n s  b u t  i s  v i r t u a l l y
i n d e p e n d e n t  o f  a i r  r a t e  c h a n g e s .  T h e s e  a r e  t h e  same s o r t  
o f  t r e n d s  a s  h a v e  b e e n  r e p o r t e d  f o r  t h e  mean r e s i d e n c e  
t im e  o f  t h e  l i q u i d  ( s e c t i o n  7 * 4 . 1 ) .  I t  t h e r e f o r e  seem s  
p r o b a b l e  t h a t  t h e  v a r i a t i o n s  i n  a r e  m a in l y  t h e  r e s u l t
o f  c h a n g e s  i n  t h e  r e s i d e n c e  t i m e .  T h i s  i n t e r d e p e n d e n c e  
was p o s t u l a t e d  b o t h  by  t h e  D e la w a r e  r e s e a r c h  g r o u p  ( 1 9 )  
and t h e  N o r th  C a r o l i n a  te a m  ( 3 7 )  i n  t h e  fo r m
Nl  = k L a t 1 7 * 4 3
w h ere  kR -  l i q u i d  p h a s e  m a ss  t r a n s f e r  c o e f f i c i e n t .
a -  i n t e r f a c i a l  a r e a  p e r  u n i t  v o lu m e  o f  f r o t h
t 1 -  c o n t a c t  t i m e  b e tw e e n  t h e  p h a s e s
F o r  s i e v e  t r a y s  w i t h  l a r g e  a c t i v e  a r e a s  t h e  c o n t a c t  t im e  
b e tw e e n  p h a s e s  w i l l  be  a p p r o x i m a t e l y  e q u a l  t o  t h e  mean  
r e s i d e n c e  t im e  o f  t h e  l i q u i d ,  h e n c e
is greatly affected by variations 111 the liquid rate and
NL “ k L a  t M
F i g u r e  V I I - 54 w h ic h  i s  a p l o t  o f  NR a g a i n s t  t ^  a t  tw o  
d i f f e r e n t  a i r  r a t e s  show s t h a t  t h e  l i n e a r  r e l a t i o n s h i p  
d o e s  h o l d  a l t h o u g h  t h e r e  i s  q u i t e  a s c a t t e r  o f  e x p e r i m e n t a l  
d a t a .  F i g u r e  V I I - 5 5  w h ic h  i s  a  s i m i l a r  p l o t ,  e x c e p t  t h a t  
a c o n s t a n t  a i r  r a t e  was u s e d  and t h e  w e i r  h e i g h t  was  
a l t e r e d ,  h a s  t h e  same fo r m .
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FIG VII-55 GRAPH OF NUMBER OF TRANSFER 
' -  UNITS ON TRAY ONLY AGAINST
' LIQUID MEAN RESIDENCE TIME
T h e s e  r e s u l t s  h a v e  b e e n  r e p o r t e d  b y  p r e v i o u s  
w o r k e r s  ( 6 , 1 3 51 8 , 2 3 , 3 7 )  a l t h o u g h  H a r r i s  and R o p e r  ( 1 3 )  
fo u n d  Nr t o  b e  i n d e p e n d e n t  o f  t h e  w e i r  h e i g h t .  M ost o f  
t h e s e  w o r k e r s  ( 6 51 3 32 3 33 7 )  u s e d  a r e s i d e n c e  t i m e  c a l c u l a t e d  
fr o m  s t a t i c  h e a d  m e a s u r e m e n t s  b u t  C a m p b e ll  ( 1 8 )  h a s  shewn  
t h a t  t h i s  i s  i n a c c u r a t e  b e c a u s e  o f  t h e  s t a t i c  h e a d  v a r i a t i o n  
a l o n g  t h e  t r a y  l e n g t h .  V a l u e s  o f  r e s i d e n c e  t im e  o b t a i n e d  
i n  t h i s  m anner a r e  c o n s i d e r a b l y  l e s s  t h a n  t h o s e  o b t a i n e d  
b y  t r a c e r  t e c h n i q u e s .
A f u r t h e r  r e s u l t  w h ic h  may b e  o b t a i n e d  fr o m  
F i g u r e s  V I I - 5 4  and V I I - 5 5  &nd e q u a t i o n  7 - 4 4  i s  t h a t  
f o r  a g i v e n  s y s t e m  i n  w h ic h  t h e  a i r  r a t e  and w e i r  h e i g h t  
a r e  s p e c i f i e d ,  t h e  p r o d u c t  KRa i s  i n d e p e n d e n t  o f  t h e  l i q u i d  
r e s i d e n c e  t im e  and t h u s  t h e  l i q u i d  f l o w  r a t e .  T h i s  r e s u l t  
i s  i n  a g r e e m e n t  w i t h  t h e  w ork o f  some p r e v i o u s  w o r k e r s  
( 6 , 1 3 , 1 8 , 2 3 , 2 4 , 3 7 ) .  C a ld e r b a n k  ( 4 6 )  h a s  r e p o r t e d  t h a t  
t h e  l i q u i d  p h a s e  m ass t r a n s f e r  c o e f f i c i e n t  was  
i n d e p e n d e n t  o f  t h e  f l u i d  f l o w  r a t e s  b u t  t h a t  t h e  
i n t e r f a c i a l  a r e a  ( 4 7 )  d i d  i n c r e a s e  s l i g h t l y  w i t h  a i r  r a t e .  
Thus i t  may b e  i n f e r r e d  t h a t  t h e  p r o d u c t  KRa w o u ld  i n c r e a s e  
w i t h  a i r  r a t e  i n c r e a s e s .
The r e s u l t s  r e p o r t e d  i n  T a b l e s  38  t o  49  may be  
u s e d  t o  o b t a i n  a r e l a t i o n s h i p  b e tw e e n  k ^ a  and t h e  
p e r t i n e n t  v a r i a b l e s .
k La = 0 . 0 5 7 7 + 0 . 0 2 2 7 Fa + 0 .0 0 2 5 7 W
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E q u a t i o n  7 . 4 4  i s  n o t  p r o p o s e d  f o r  d e s i g n  p u r p o s e s  b u t  t o  
g i v e  some i n d i c a t i o n  o f  t h e  e f f e c t  o f  t h e  v a r i a b l e s .  I t  
i s  c l e a r  t h a t  t h e  a i r  r a t e  i s  t h e  p r im e  v a r i a b l e  and i s  
some n i n e  t i m e s  m ore i m p o r t a n t  t h a n  t h e  w e i r  h e i g h t .  T h i s  
f a c t  a l o n g  w i t h  t h e  w ork  o f  C a ld e r b a n k  ( 4 7 )  l e a d s  t o  t h e  
c o n c l u s i o n  t h a t  t h e  g a s  f l o w  r a t e  h a s  a f a v o u r a b l e  e f f e c t  
on t h e  d e g r e e  o f  d i s p e r s i o n  o f  g a s  w i t h i n  t h e  f r o t h  on t h e  
t r a y .  T h i s  p o i n t  w i l l  b e  f u r t h e r  i n v e s t i g a t e d  I n  a l a t e r  
s e c t i o n .
The a p p r o a c h  o f  F o s s  e t .  a l .  ( 2 8 )  i s  n o t  
c o n s i d e r e d  a p p l i c a b l e  t o  t h e  com b in ed  s y s t e m  w i t h  any g r e a t  
a c c u r a c y ,  b e c a u s e  o f  t h e  d i f f e r e n t  f l o w  c h a r a c t e r  b e tw e e n  
t h e  t r a y  and t h e  d ow n com er. H ow ever t h e  v a l u e s  o f  NxJLf
w ere  c a l c u l a t e d  u s i n g  e q u a t i o n  7 - 4 2  and a r e  r e p o r t e d  i n  T a b l e s  
38 t o  4 9 .  I t  i s  c l e a r  t h a t  t h e  v a l u e s  o f  f o l l o w  t h e  
same t r e n d s  w i t h  l i q u i d  r a t e  and w e i r  h e i g h t  a s  f o r  t h e  t r a y  
a l o n e  b u t  t h a t  s i m i l a r  v a r i a t i o n s  w i t h  a i r  r a t e  do n o t  e x i s t .
F i g u r e  V I I - 5 6  show s t h e  number o f  m ass t r a n s f e r  
u n i t s  i n  t h e  c o m b in e d  s y s t e m  p l o t t e d  a g a i n s t  t h e  mean  
r e s i d e n c e  t i m e .  I t  i s  c l e a r  t h a t  a l i n e a r  r e l a t i o n s h i p  
as p r e d i c t e d  b y  e q u a t i o n  7 - 4 4  d o e s  e x i s t .
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FIG VII-5'6 GRAPH OF NUMBER OF TRANSFFR
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7 , 6  VAPOUR PHASE MIXING- AND RESIDENCE TIME DISTRIBUTION
h a v e  p r o p o s e d  m o d e ls  t h a t  r e l a t e  t h e  p l a t e  e f f i c i e n c y  w i t h  
t h e  d e g r e e  o f  l i q u i d  m i x i n g  upon a d i s t i l l a t i o n  t r a y .  M ost
t h e  g a s  f l o w s  t h r o u g h  t h e  l i q u i d  on t h e  t r a y  w i t h o u t  m i x i n g  
w h i l e  L e w i s ( 3 5 )  and G a u t r e a u x  and O 'C o n n e l  ( 5 9 )  assu m ed  
t h e  g a s  t o  b e  c o m p l e t e l y  m i x e d .  Some o f  t h e  r e c e n t  work on  
t r a y  m o d e l l i n g  ( 6 0 , 6 1 , 6 9 )  h a s  c a s t  d o u b t  on b o t h  o f  t h e s e  
e x t r e m e s  and M o la k a n o v  ( 6 1 )  h a s  d e v e l o p e d  a  m o d e l  
i n c o r p o r a t i n g  p a r t i a l  v a p o u r  m i x i n g .  Ho u s e s  a p o o l  t h e o r y  
f o r  b o t h  t h e  l i q u i d  and v a p o u r  p h a s e s  b u t  t h e  f i n a l  
r e l a t i o n s h i p  i n c o r p o r a t e s  t h e  number o f  c o m p l e t e l y  m ix e d  • 
p o o l s  w h ic h  can n o t  b e  a c c u r a t e l y  d e t e r m i n e d .
7 . 6 . 1 .  Eddy D i f f u s i o n  M o d e l  and D a t a  T r e a t m e n t
g a s  p h a s e  w e re  o b t a i n e d  fr o m  t h e  r e s p o n s e  c u r v e s  t o  a p u l s e  
i n j e c t i o n  o f  e t h a n e .  The r e s p o n s e  c u r v e s  w e re  m e a su re d  
f i r s t l y  b e lo w  t h e  t e s t  t r a y  and s e c o n d l y  j u s t  a b o v e  t h e  f r o t h  
on t h e  t r a y .  The c u r v e s  w e re  a n a l y s e d  u s i n g  an I . C . L .  1 9 0 5 F  
d i g i t a l  c o m p u t e r .  The program m e ( s e e  a p p e n d ix  B) was w r i t t e n  
i n  S u r r e y  A l g o l  and p r o c e s s e d  s i x  d a t a  t r a c k s  s i m u l t a n e o u s l y .
F i t t i n g  a m a t h e m a t i c a l  m o d e l  w i t h  any d e g r e e  o f  c e r t a i n t y  
t o  t h e  m ixin g ; t a k i n g  p l a c e  i n  t h e  a i r  p h a s e  i s  e x t r e m e l y  
d i f f i c u l t .  The e d d y  d i f f u s i o n  m o d e l was u s e d  ( s e e  s e c t i o n  
3 . 5 )  and t h e  f o l l o w i n g  r e l a t i o n s h i p s  w e re  o b t a i n e d
The r e s i d e n c e  t im e  d i s t r i b u t i o n  f u n c t i o n s  o f  t h e
Au = 1 . 0 3 . 4 2
3.43
E
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where Ap - difference in the means of the dimensionless
Aa -  d i f f e r e n c e  i n  t h e  v a r i a n c e s  o f  t h e  d i m e n s i o n l e s s  
re sp o n se -  c u r v e s  
The e v a l u a t i o n  o f  t h e  d i m e n s i o n l e s s  r e s p o n s e  c u r v e  fr o m
a i r  i n  t h e  f r o t h  b e t w e e n  t h e  m e a su re m e n t p o i n t s  o r  t h e  mean  
a x i a l  v e l o c i t y  i s  known. N e i t h e r  o f  t h e s e  p a r a m e t e r s  c o u l d  be  
be a c c u r a t e l y  m e a s u r e d  s o  t h e  d a t a  had  t o  be  i n t e r p r e t e d  
w i t h o u t  d e t e r m i n i n g  t h e  d i m e n s i o n l e s s  c u r v e .  T h is  
i n t e r p r e t a t i o n  i s  p o s s i b l e  i f  t h e  m a t h e m a t i c a l  m od el i s  
assu m e d  t o  b e  c o r r e c t  b u t  any p r a c t i c a l  j u s t i f i c a t i o n  o f  t h e  
m o d e ls  a p p l i c a b i l i t y  i s  t h e n  made i m p o s s i b l e .
The mean o f  a  d i m e n s i o n l e s s  r e s p o n s e  c u r v e  i s  d e f i n e d  as
r e s p o n s e  c u r v e s
2
C . Gd0
7 . 4 5
w h ere  Ch -  c o n c e n t r a t i o n  a t  m ea su rem e n t p o i n t  * i f
G -  d i m e n s i o n l e s s  t im e
jij. -  mean o f  r e s p o n s e  c u r v e  a t  p o i n t  ’ i ?
i  “ L — i -----------
/ oCh d t
u / “C. t  d t
“ T 3-
7 . 4 6
w h ere  u -  mean a x i a l  v e l o c i t y
L -  d i s t a n c e  b e t w e e n  m e a su re m e n t p o i n t s
t  -  r e a l  t im e  fr o m  i n s t a n t  o f  i n j e c t i o n
t . ~  mean o f  t i m e  b a s e d  r e s p o n s e  c u r v e  a t  p o i n t  ’ i !
now by d e f i n i t i o n  Ay = y 0 ~ vfy 
s o  u s i n g  e q u a t i o n  7 . 4 6  and 7 . 4 7
7.47
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A y  s  L  ^ 2 “
Ay = y  At 7 . 4 8
T h e  s u b s c r i p t  ? 2 J r e f e r s  t o  t h e  m e a s u r e m e n t  p o i n t  
a b o v e  t h e  f r o t h  w h i l e  ? 1 J r e f e r s  t o  t h a t  u n d e r  t h e  t r a y .
T h e  v a r i a n c e  o f  t h e  d i m e n s i o n l e s s  r e s p o n s e  c u r v e  
i s  d e f i n e d  a s
O £Q O P
a T  = / o C j O  <16 -  y T  7 . 4 9
/ “ c u a e
2  . 
v i h e r e  a .  -  v a r i a n c e  o f  d i m e - n s i o n l e a s  r e s p o n s e  c u r v e
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T h e  s u b s t i t u t i o n  o f  e q u a t i o n s  7 . 4 0  a n d  7 . 5 1  i n t o  
e q u a t i o n s  3 . 4 2  a n d  3 . 4 3  l e a d s  t o  t h e  r e l a t i o n s h i p s
u  = I t  7 . 5 2
a n a  ^  =  M !  7 . 5 3  
A c t
T h e  v a l u e s  o f  t h e  m e a n  a x i a l  v e l o c i t y ,  P e c l e t
n u m b e r  a n d  d i f f u s i o n  . c o e f f i c i e n t  a r e  t a b u l a t e d  a l o n g  w i t h
2
t h e  e x p e r i m e n t a l  v a l u e s  o f  A t  a n d  i n  t a b l e s  5 0  t o  6 1 .
T h e  d i f f e r e n c e  i n  t h e  m e a n s  o f  t h e  t i m e  b a s e d  
r e s p o n s e  c u r v e s  m a y  b e  c o n s i d e r e d  t o  b e  t h e  m e a n  r e s i d e n c e  
t i m e  d i f f e r e n c e  a n d  s o  t h e  m e a n  t i m e  o f  p a s s a g e  o f  g a s  
b e t w e e n  t h e  t w o  m e a s u r e m e n t  p o i n t s . T h i s  i s  s h o w n  p l o t t e d  
a g a i n s t  t h e  f l u i d  f l o w  r a t e s  a n d  w e i r  h e i g h t  i n  f i g u r e s  
V I I - 5 7  a n d  V I I - 5 0 .  T h e  r e s i d e n c e  t i m e  d i f f e r e n c e  i s  s e e n  t o  
i n c r e a s e  w i t h  i n c r e a s e s  i n  w e i r  h e i g h t  a n d  l i q u i d  r a t e  
a n d  t o  d e c r e a s e  w i t h  i n c r e a s e s  i n  t h e  a i r  r a t e .
A s  t h e  a i r  r a t e  i s  i n c r e a s e d  t h e  l i q u i d  h o l d  u p  
o n  t h e  t r a y  d e c r e a s e s  ( s e c t i o n  7 . 1 ) a n d  s o  t h e  v o l u m e  
a v a i l a b l e  f o r  g a s  f l o w  w i l l  i n c r e a s e .  S o ,  a l t h o u g h  t h e  
r e s i d e n c e  t i m e  d i f f e r e n t  d e c r e a s e s  w i t h  a i r 1 r a t e  i n c r e a s e s  
a a  e x p e c t e d ,  t h e  c h a n g e s  a r e  n o t  a s  l a r g e  a s  w o u l d  b e  
p r e d i c t e d  f o r  a  c o n s t a n t  v o l u m e  s y s t e m .
T h e  f r o t h  h e i g h t  a n d  f r o t h  d e n s i t y  f a c t o r  b o t h  
i n c r e a s e ,  a t  c o n s t a n t  g a s  r a t e ,  w i t h  i n c r e a s e s  i n  t h e  l i q u i d  
r a t e  a n d  w e i r  h e i g h t  ( s e c t i o n  7 . 1 ) .  T h u s  t h e  g a s  h a s  a n  
i n c r e a s i n g  d i s t a n c e  t o  t r a v e l  t h r o u g h  a n  i n c r e a s i n g l y  d e n s e  
m e d i a  a n d  s o  t h e  r e s i d e n c e  t i m e  d i f f e r e n c e ,  a t  c o n s t a n t  
g a s  r a t e ,  w i l l  i n c r e a s e  w i t h  i n c r e a s e s  i n  e i t h e r  t h e  l i q u i d  
r a t e  o r  w e i r  h e i g h t .  T h e  c h a n g e s  i n  t h e  f r o t h  h e i g h t  a n d
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f r o t h  d e n s i t y  f a c t o r  a r e  m o r e  d e p e n d e n t  o n  t h e  w e i r  h e i g h t  
t h a n  t h e  l i q u i d  r a t e  a n d  s o  t h e  r e s i d e n c e  t i m e  d i f f e r e n c e s  
w i l l  s h o w  t h e  s a m e . t r e n d .  T h e  c h a n c e s  w i t h  w e i r  h e i g h t  
a r e  h o w e v e r  f u r t h e r  c o m p l i c a t e d  b y  t h e  n e c e s s a r y  a l t e r a t i o n s  
t o  t h e  u p p e r  s a m p l e  p o i n t  a n d  s o  s o m e  d i s t o r t i o n  m a y  b e  
p r e s e n t ,
S o m e  w o r k e r s  ( 1 3 s 3 7 s 4 Q . , 4 l )  h a v e  e s t i m a t e d  t h e  m e a n  
g a s  r e s i d e n c e  t i m e  b y  u s i n g  t h e  g a s  h o l d  u p  -  o b t a i n e d  f r o m  
f r o t h  h e i g h t  a n d  l i q u i d  h o l d  u p  d a t a  -  a n d  t h e  t o t a l  g a s  
t h r o u g h p u t .  V a l u e s  o b t a i n e d  i n  t h i s  w a y ,  a l t h o u g h  d i f f e r e n t  
t o  t h o s e  r e p o r t e d  h e r e i n ,  d o  s h o w  t h e  s a m e  t r e n d s ,
C a l d e r b a n k  ( 4 6 )  h a s  m e a s u r e d  t h e  m e a n  g a s  v e l o c i t y  t h r o u g h
a  f r o t h i n g  m a s s  a n d  h a s  r e p o r t e d  t h a t  t h e  r e s i d e n c e  t i m e
d e c r e a s e s  a s  t h e  a i r  r a t e  i n c r e a s e s  b u t  t h a t  t h e r e  i s  n o  
e f f e c t  w i t h  e i t h e r  l i q u i d  r a t e  o r  w e i r  h e i g h t  v a r i a t i o n s .
T h e  v a l u e s  o f  t h e  m e a n  v e l o c i t y  o f  g a s  t h r o u g h  
t h e  t r a y  a n d  f r o t h i n g  l i q u i d  c a l c u l a t e d  f r o m  e q u a t i o n  7 . 5 2  
a r e  i n  t h e  r a n g e  1 , 0  t o  3 . 0  f e e t / s e c o n d .  T h e  r a n g e  o f  
v e l o c i t i e s  b a s e d  o n  t h e  g a s  f l o w  t h r o u g h  t h e  t r a y  a r e a  
c o n t a i n i n g  p e r f o r a t i o n s  i s  3 . 0  t o  9 . 0  f e e t / s e c o n d  w h i l e  
t h a t  b a s e d  o n  t h e  c r o s s  s e c t i o n a l  a r e a  o f  t h e  t o w e r  i s  1 , 2  
t o  2 . 9  f e e t / s e c o n d .  I t  a p p e a r s  t h e r e f o r e  t h a t  t h e  g a s  
v e l o c i t y  b a s e d  o n  t h e  t o w e r  a r e a  i s  m o r e  l i k e l y  t o  b e  u s e f u l  
i n  d e s i g n  c o r r e l a t i o n s  t h a n  t h a t  b a s e d  o n  t h e  b u b b l i n g  a r e a
b e c a u s e  i t  m o r e  n e a r l y  c o r r e s p o n d s  t o  t h e  v e l o c i t i e s  w i t h i n
t h e  f r o t h i n g  l i q u i d .
F i g u r e s  V I I - 5 9  a n d  V I I - 6 0  s h o w  t h e  v a r i a n c e  
2
d i f f e r e n c e  A p l o t t e d  a g a i n s t  t h e  f l u i d  f l o w  r a t e s  a n d  w e i r  
h e i g h t .  T h e  v a r i a n c e  i s  s m a l l  b u t  i s  s e e n  t o  i n c r e a s e  w i t h  
i n c r e a s e s  i n  t h e  l i q u i d  r a t e  a n d  w e i r  h e i g h t  a n d  t o  d e c r e a s e
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w i t h  i n c r e a s e s  i n  t h e  a i r  r a t e .  I f  t h e  g a s  p a s s e d  t h r o u g h  
t h e  t r a y  w i t h o u t  m i x i n g  t h e n  t h e  v a r i a n c e  d i f f e r e n c e  w o u l d  b e  
z e r o .  I t  m a y  t h u s  b e  c o n c l u d e d  t h e t  t h e  g a s  i s  m i x e d  t o  s o m e  
d e g r e e  a l t h o u g h ,  a s  h a s  b e e n  p o i n t e d  o u t  p r e v i o u s l y ,  t h e  
t i m e  b a s e d  v a r i a n c e  c a n  n o t  b e  u s e d  t o  c o m p a r e  t h e  a m o u n t  o f  
m i x i n g .
T h e  m i x i n g  w i t h i n  t h e  g a s  p h a s e  c a n  b e  c h a r a c t e r i s e d  
b y  t h e  P e c l e t  n u m b e r  w h i c h  w a s  c a l c u l a t e d  f r o m  e q u a t i o n  7 . 5 3 .  
I t  i s  c l e a r  f r o m  f i g u r e s  V I I - 6 1  a n d  V I I - 6 2  t h a t  t h e  P e c l e t  
n u m b e r  i n c r e a s e s  w i t h  i n c r e a s e s  i n  t h e  w e i r  h e i g h t  a n d  a i r  
r a t e  a n d  d e c r e a s e s  w i t h  i n c r e a s e s  i n  t h e  l i q u i d  r a t e .
T h e  P e c l e t  n u m b e r  m a y  b e  c o n s i d e r e d  t o  b e  t h e  r a t i o  
o f  t h e  r a t e  o f  f l u i d  t r a n s f e r  b y  b u l k  f l o w  t o  t h a t  b y  e d d y  
d i f f u s i o n .  T h u s ,  a t  l a r g e  P e c l e t  n u m b e r s ,  t h e  a m o u n t  o f  
d i f f u s i o n a l  f l o w  i s  s m a l l  a n d  h e n c e  t h e  d e g r e e  o f  m i x i n g  i s  
a l s o  s m a l l  a n d  v i c e  v e r s a .  T h e  d e g r e e  o f  m i x i n g  i n  t h e  a i r  
p h a s e  i n c r e a s e s  t h e r e f o r e  w i t h  i n c r e a s e s  i n  t h e  l i q u i d  r a t e  
a n d  d e c r e a s e s  w i t h  i n c r e a s e s  i n  e i t h e r  t h e  a i r  r a t e  o r  w e i r  
h e i g h t .
T h e s e  t r e n d s  m a y  b e  e x p l a i n e d  b y  c o n s i d e r i n g  t h e  
i n t e r a c t i o n  o f  t h e  g a s  a n d  l i q u i d  m o m e n t a .  C a l d e r b a n k  ( 4 6 )  
h a . s  s h o w n  t h a t ,  a t  a l l  a i r  r a t e s  a b o v e  t h e  s e a l  p o i n t ,  t h e  a i r  
f l o w  t h r o u g h  a  s i e v e  t r a y  i s  b y  a  c h a i n  b u b b l i n g  m e c h a n i s m .  
T h a t  i s ,  t h e  a i r  e m e r g e s  f r o m  t h e  o r i f i c e  i n  a  s e r i e s  o f  
d i s c r e e t  b u b b l e s  a n d  r i s e s  t h r o u g h  t h e  f r o t h  a s  s u c h .  A s  t h e  
b u b b l e s  e m e r g e  f r o m  t h e  o r i f i c e  t h e y  h a v e  a  f i n i t e  m o m e n t u m  
a n d  w i l l  c o n t i n u e  m o v i n g  i n  a  s t r a i g h t  l i n e  u n l e s s  c o m p e l l e d  
t o  a l t e r  d i r e c t i o n  b y  t h e  a c t i o n  o f  s o m e  f o r c e .  T h e  l i q u i d ,  
f l o w i n g  p e r p e n d i c u l a r  t o  t h e  b u b b l e  s t r e a m ,  e x e r t s  s u c h  a  
f o r c e  a n d  c a u s e s  t h e  b u b b l e s  t o  b e  d i s p l a c e d .
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T h e  b e h a v i o u r  o f  t h e  b u b b l e s  u n d e r  s u c h  a n  i m p a c t  
i s  d i f f i c u l t  t o  p r e d i c t  b u t  t h e  d i s p l a c e m e n t  m a y  c a u s e  
c o a l e s c e n c e  o f  n e i g h b o u r i n g :  b u b b l e s ,  t h e  f r a g m e n t a t i o n  o f  
l a r g e  b u b b l e s  o r  t h e  e n t r a i m n e n t  o f  t h e  b u b b l e s  i n  t h e  
l i q u i d  s t r e a m .  T h e  b u b b l e s  w i l l  b e  r e a r r a n g e d  i n  t h e i r  
r e l a t i v e  p o s i t i o n s  t o  e a c h  o t h e r  a n d  h e n c e  m i x e d  u p " .
T h i s  m i x i n g  w i l l  b e  g r e a t e r  t h e  h i g h e r  t h e  l i q u i d  m o m e n t u m .  
T h i s  c o n d i t i o n  o c c u r s  a t  h i g h  l i q u i d  r a t e s  a n d  l o w  w e i r  
h e i g h t s .  T h e  m i x i n g  w i l l  b e  r e d u c e d  a t  h i g h  g a s  m o m e n t a  
w h e r e  t h e  b u b b l e s  h a v e  a  g r e a t e r  r e s i s t a n c e  t o  d i s p l a c e m e n t .  
T h u s s t h e  a m o u n t  o f  m i x i n g  w i l l  d e c r e a s e  w i t h  i n c r e a s e s  i n  
a i r  r a t e  o r  w e i r  h e i g h t  b u t  i n c r e a s e  w i t h  i n c r e a s e s  i n  t h e  
l i q u i d  r a t e .  T h e s e  t r e n d s  c o r r e s p o n d  t o  t h e  t r e n d s  r e p o r t e d  
i n  t h e  r e s u l t s  o b t a i n e d  f r o m  t h e  p r a c t i c a l  i n v e s t i g a t i o n .
T h e  s u g g e s t e d  m e c h a n i s m  o f  m i x i n g  w a s  i n v e s t i g a t e d  
b y  c o r r e l a t i n g  t h e  P e c l e t  n u m b e r  w i t h  t h e  c o r r e s p o n d i n g  
l i q u i d  l i n e a r  m o m e n t u m .  T h e  P e c l e t  n u m b e r  s h o u l d  d e c r e a s e  
a s  t h e  m o m e n t u m  i s  i n c r e a s e d  a n d  a  l i n e a r  r e l a t i o n s h i p  s h o u l d  
b e  o b t a i n e d .  T h e  e f f e c t  o f  t h e  g a s  m o m e n t u m  i s  i n c o r p o r a t e d  
i n  t h e  P e c l e t  n u m b e r .  T h e  e q u a t i o n
P g 1  =  3 7 . 4  -  1 . 0 7 M l  7 . 5 4
w h e r e  P r , ^  -  P e c l e t  n u m b e r  o f  g a s  p h a s eii. ±
lVi'T -  l i q u i d  l i n e a r  m o m e n t u m  
a n d  ^  u l  7 - 5 5
w h e r e  “  l i q u i d  d e n s i t y
V  -  a c t i v e  v o l u m e  o f  l i q u i d  o n  t r a y
u L  -* l i q u i d  m e a n  v e l o c i t y
w a s  f o u n d  t o  f i t  t h e  d a t a  r e a s o n a b l y  w e l l  a l t h o u g h  s o m e
-  2 6 4  -
-  2 6 5  -
s c a t t e r i n g  o f  p o i n t s  w a s  e v i d e n t .  T h e  l i q u i d  v e l o c i t y  
a n d  h o l d  u p  v a l u e s  w e r e  o b t a i n e d  f r o m  t h e  r e s i d e n c e  t i m e  
d i s t r i b u t i o n  s t u d i e s  ( t a b l e s  26 t o  3 7 ) .
F i g u r e  V I I - 6 3  s h o w s  t h e  P e c l e t  n u m b e r  c a l c u l a t e d  f r o m  
e q u a t i o n  7 . 5 3  p l o t t e d  a g a i n s t  t h e  v a l u e  c a l c u l a t e d  f r o m  
e q u a t i o n  7 * 5 4 ,  M o s t  o f  t h e  d a t a  i s  s e e n  t o  l i e  w i t h i n  
1 0 %  o f  t h e  p r e d i c t i o n  l i n e .  T h i s  s u g g e s t s  t h a t  t h e  m e c h a n i s m  
a d e q u a t e l y  d e s c r i b e s  t h e  d a t a  o b t a i n e d  f r o m  t h e  e x p e r i m e n t a l  
w o r k .
F o s s  e t . a l .  ( 2 8 )  h a v e  r e p o r t e d  t h a t  t h e  c o m p r e h e n s i v e  
t h e o r y  t h e y  d e v e l o p e d ,  i n  w h i c h  t h e  a i r  w a s  a s s u m e d  t o  b e  i n  
p l u g  f l o w ,  o n l y  w o r k e d  w i t h  a n y  d e g r e e  o f  c e r t a i n t y  a t  h i g h  
a i r  r a t e s  a n d  l o w  l i q u i d  r a t e .  T h e  a u t h o r s  p r o p o s e d  t h a t  
t h e  d e v i a t i o n  o f  t h e  t h e o r e t i c a l l y  d e t e r m i n e d  e f f i c i e n c y  
f r o m  t h e  m e a s u r e d  o n e  w a s  t h e  r e s u l t  o f  n o n  u n i f o r m  f r o t h  
c o n d i t i o n s .  T h e  d e v i a t i o n  w a s  s m a l l e s t  u n d e r  c o n d i t i o n s  t h a t  
w o u l d  g i v e  m i n i m u m  a i r  p h a s e  m i x i n g  a n d  i n c r e a s e d  u n d e r  
c o n d i t i o n s  t h a t  w o u l d  i n c r e a s e  t h e  a m o u n t  o f  a i r  p h a s e  
m i x i n g .  T h e  a u t h o r  f e e l s  t h e r e f o r e  t h a t  t h e  d e v i a t i o n s  
c o u l d  b e  d u e  t o  v a p o u r  m i x i n g  r a t h e r  t h a n  t h e  e x p l a n a t i o n  
o f f e r e d  b y  F o s s  e t . a l , ( 2 8 ) .
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SUMMA R Y  AND C O N C L U S I O N S .
I t  h a s  b e e n  d e m o n s t r a t e d  i n  t h e  l i t e r a t u r e  
s u r v e y  t h a t  t h e r e  i s  a  n e e d  f o r  a n  i n v e s t i g a t i o n  o n  a  
p i l o t  p l a n t  s c a l e ,  i n t o  t h e  f a c t o r s  a f f e c t i n g  t h e  
p e r f o r m a n c e  a n d  d e s i g n  o f  d i s t i l l a t i o n  c o l u m n s .  C o s t  a n d  
l a b o r a t o r y  c o n d i t i o n s  p r o h i b i t e d  t h e  u s e  o f  a n  a c t u a l  
d i s t i l l a t i o n  c o l u m n  s o  a n  a i r - w a t e r  s i m u l a t o r  w a s  u s e d .
T h e  d i m e n s i o n s  o f  t h e  e q u i p m e n t  w e r e  s u c h  h o w e v e r  t h a t  
t h e  r e s u l t s  c o u l d  b e  u s e f u l l y  e m p l o y e d  f o r  f u l l  s c a l e  
d e s i g n  o p e r a t i o n s .
T h e  p e r f o r m a n c e  o f  t h e  p i l o t  p l a n t  c o l u m n  w a s  
i n v e s t i g a t e d  i n  t e r m s  o f  h y d r o d y n a m i c  b e h a v i o u r *  m a s s  
t r a n s f e r  e f f i c i e n c y ,  l i q u i d  a n d  g a s  p h a s e  r e s i d e n c e  t i m e  
a n d  t h e  e x t e n t  o f  l i q u i d  a n d  g a s  m i x i n g  i n  t h e  s y s t e m .
T h e  h y d r o d y n a m i c  s t u d y  w a s  c o n c e r n e d  w i t h  t h e  e f f e c t  
o f  o p e r a t i o n a l  c o n d i t i o n s  o n  t h e  b e h a v i o u r  o f  t h e  a e r a t e d  
l i q u i d  m a s s  f l o w i n g  a c r o s s  t h e  s i e v e  t r a y  a n d  t h r o u g h  
t h e  d o w n c o m e r .  A t t e m p t s  w e r e  m a d e  t o  a p p r o a c h  i n d u s t r i a l  
c o n d i t i o n s  b y  u s i n g  l i q u i d  f l o w  r a t e s  u p  t o  3 4 0 0  g a l / h r / f t .  
o f  w e i r  a n d  a i r  f l o w  r a t e s  u p  t o  2 9 * 5 0 0  f t 3 / h r .  T h e  
w e i r  h e i g h t s  w e r e  c h o s e n  s o  t h a t  e i t h e r  e n d  o f  t h e  u s u a l l y  
q u o t e d  r a n g e  f o r  p l a t e  a b s o r p t i o n  t o w e r s  w a s  c o v e r e d .
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CHAPTER 8.
8.1. SUMMARY.
-  2 6 8  -
T h e  m a s s  t r a n s f e r  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  
u s i n g  t h e  a i r - a q u e o u s  g l y c e r o l - o x y g e n  s y s t e m .  O x y g e n  
h a s  a  l o w  s o l u b i l i t y  i n  a q u e o u s  g l y c e r o l  s o l u t i o n s  s o  
t h e  s y s t e m  m a y  b e  r e g a r d e d  a s  b e i n g  e n t i r e l y  l i q u i d  p h a s e  
c o n t r o l l i n g .  T h e  l i q u i d  p h a s e  m a s s  t r a n s f e r  e f f i c i e n c y  
w a s  i n v e s t i g a t e d  a s  a  f u n c t i o n  o f  t h e  c o l u m n  o p e r a t i n g  
c o n d i t i o n s .
Z u i d e r w e g  a n d  H a r m e n s  h a v e  r e p o r t e d  t h a t ,  i n  
t h e  p r e s e n c e  o f  m a s s  t r a n s f e r ,  t h e  f r o t h i n g  t e n d e n c y  
o f  l i q u i d s  c a n  b e  a p p r e c i a b l y  a l t e r e d .  T h e  h y d r o d y n a m i c  
s t u d y  w a s  t h e r e f o r e  r e p e a t e d  i n  t h e  p r e s e n c e  o f  m a s s  
t r a n s f e r .
T h e o r e t i c a l  c o n s i d e r a t i o n s  h a v e  s h o w n  t h a t  t h e  
m a s s  t r a n s f e r  e f f i c i e n c y  i s  g r e a t l y  a f f e c t e d  b y  t h e  
l i q u i d  r e s i d e n c e  t i m e  a n d  b y  t h e  e x t e n t  o f  l i q u i d  m i x i n g  
i n  t h e  s y s t e m .  A k n o w l e d g e  o f  t h e  f a c t o r s  a f f e c t i n g  t h e s e  
p h e n o m e n a  i s  o f  g r e a t  i m p o r t a n c e  i n  t h e  p r e d i c t i o n  o f  
p l a n t  p e r f o r m a n c e .  T h e  l i q u i d  p h a s e  r e s i d e n c e  t i m e  d i s t r i b ­
u t i o n  w a s  i n v e s t i g a t e d  a s  a  f u n c t i o n  o f  t h e  c o l u m n  o p e r a t i n g  
c o n d i t i o n s .
T h e  t h e o r e t i c a l  a p p r o a c h  w h i c h  l i n k s  t h e  m a s s  
t r a n s f e r  e f f i c i e n c y  w i t h  t h e  d e g r e e  o f  l i q u i d  m i x i n g  
a s s u m e s  t h a t  t h e  a i r  p h a s e  p a s s e s  t h r o u g h  t h e  s i e v e  t r a y  
i n  p l u g  f l o w .  T h e  t h e o r e t i c a l  a p p r o a c h  s e e m s  t o  d e v i a t e  
m o s t  f r o m  p r a c t i c a l  r e s u l t s  u n d e r  c o n d i t i o n s  w h i c h  t h e
-  2 6 9  -
a u t h o r  f e e l s  w o u l d  g i v e  r i s e  t o  g a s  p h a s e  m i x i n g .  T h e  
r e s i d e n c e  t i m e  d i s t r i b u t i o n  a n d  d e g r e e  o f  g a s  p h a s e  m i x i n g  
w e r e  t h e r e f o r e  i n v e s t i g a t e d  a s  a  f u n c t i o n  o f  t h e  c o l u m n  
o p e r a t i n g  c o n d i t i o n s .
8 . 2 .  C O N C L U S I O N S .
T h e  i n v e s t i g a t i o n s  o f  t h e  f a c t o r s  a f f e c t i n g  t h e  
p e r f o r m a n c e  o f  t h e  p i l o t  p l a n t  d i s t i l l a t i o n  c o l u m n  m a y  b e  
c o n v e n i e n t l y  c o n s i d e r e d  i n  f o u r  s e c t i o n s :
1 .  H y d r o d y n a m i c  s t u d y .
2 .  M a s s  t r a n s f e r  s t u d y .
3 .  L i q u i d  p h a s e  r e s i d e n c e  t i m e  a n d  m i x i n g  s t u d y .
4 .  G a s  p h a s e  r e s i d e n c e  t i m e  a n d  m i x i n g  s t u d y .
8 . 2 . 1 .  H y d r o d y n a m i c  S t u d y .
T h e  r e s u l t s  o f  t h e  h y d r o d y n a m i c  s t u d y  h a v e  
w h e r e v e r  p o s s i b l e  b e e n  p r e s e n t e d  i n  t h e  f o r m  o f  a  
c o r r e l a t i o n  e q u a t i o n  o f  a l l  t h e  v a r i a b l e s  c o n c e r n e d .
8 . 2 . 1 . 1 .  D r y  p l a t e  p r e s s u r e  d r o p .
T h e  p r e s s u r e  d r o p  a c r o s s  t h e  d r y  p l a t e  w a s  i n v e s t  
i g a t e d  a s  a  f u n c t i o n  o f  g a s  f l o w  r a t e .  T h e  r e s u l t s  w e r e  
w e l l  c o r r e l a t e d  b y  t h e  m o d i f i e d  o r i f i c e  e q u a t i o n  
U c  =  0 . 6 7 4  , 2 g p L  h D p  1  » . »
I 1 2 p G 1
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8 . 2 . 1 ; .  2 .  T o t a l  P r e s s u r e  d r o p .
T h e  t o t a l  p r e s s u r e  d r o p  w a s  i n v e s t i g a t e d  a s  
a  f u n c t i o n  o f  f l u i d  f l o w  r a t e s  a n d  w e i r  h e i g h t .  T h e  d a t a  
w a s  f o u n d  t o  l o  w e l l  c o r r e l a t e d  b y  t h e  e q u a t i o n  
h,p = 0 . 5 7 F A + 0 . 0 1 8 2 L + 0 . 0 0 3 W L ~ 0 . 0 2 9 W F A Z
+ 0 . 5 7 W + 0 . 6 5
T h i s  e q u a t i o n  p r e d i c t s  a n  i n c r e a s e  i n  t h e  t o t a l  p r e s s u r e  
d r o p  w i t h  i n c r e a s e s  i n  f l u i d  f l o w  r a t e s  a n d  w e i r  h e i g h t .
8 . 2 . 1 . 3 . F r o t h  h e i g h t  o n  t r a y .
T h e  f r o t h  h e i g h t  o n  t h e  t r a y  w a s  m e a s u r e d  v i s u a l l y  
a n d  t h e  v a l u e s  a r e  o n l y  c o n s i d e r e d  a c c u r a t e  t o  +  0 . 2 5  
i n c h e s .  T h e  f r o t h  h e i g h t  w a s  f o u n d  t o  d e p e n d  c h i e f l y  
o n  t h e  a i r  f l o w  r a t e  a n d  t h e  d a t a  w a s  w e l l  c o r r e l a t e d  
b y  t h e  e q u a t i o n
Z f  3 0 . 5 5 F a 2+ 0 . 0 6 5 L + 0 . 8 1 W + 2 . 7 2
8 . 2 . 1 . - 4 .  L i q u i d  h o l d  u p  o n  t h e  t r a y .
F o u r  m e t h o d s  h a v e  b e e n  u s e d  t o  o b t a i n  l i q u i d  
h o l d  u p  d a t a  f o r  t h e  t r a y  a n d  a  c o m p a r i s o n  h a s  b e e n  
m a d e  b e t w e e n  t h e m .  T h e  f o u r  t e c h n i q u e s  u s e d  w e r e  d i r e c t  
m e a s u r e m e n t  u s i n g  m a n o m e t e r s ,  d e d u c t i o n  f r o m  p r e s s u r e  
d r o p  m e a s u r e m e n t s ,  f r o m  r e s i d e n c e  t i m e  d i s t r i b u t i o n  s t u d i e s  
a n d  f r o m  a  t h e o r e t i c e . l  e q u a t i o n  b a s e d  u p o n  t h e  F r a n c i s  
f o r m u l a .
The dynamic head values were obtained using
m a n o m e t e r s  l o c a t e d  a l o n g  t h e  e n t i r e  l e n g t h  o f  t h e  t r a y .  
T h e  c r u d e  e x p e r i m e n t a l  d a t a  w a s  c o r r e c t e d  f o r  t h e  s u r f a c e  
t e n s i o n  e f f e c t  a n d  i s  w e l l  c o r r e l a t e d  b y  t h e  e q u a t i o n
Z D =  0 . 0 1 3 L - 0 . 3 1 F A + W ( 0 . 0 0 4 l L - 0 . 0 8 8 F A ) 
+ 0 . 5 5 6 W + 1 . 1 0 7
T h e  l i q u i d  h o l d  u p  p e r  u n i t  a r e a  w a s  c a l c u l a t e d  b y  c o r r e c t ­
i n g  t h e  d y n a m i c  h e a d  d a t a  f o r  t h e  d e p r e s s i n g  e f f e c t  
o f  t h e  m o m e n t u m  h e a d  o f  g a s .  T h e  a i r  m o m e n t u m  h e a d  w a s  
e v a l u a t e d  f r o m  t h e  e q u a t i o n
Zm = PG ° A  ( W
P L  S
a n d  t h e  h o l d  u p  f r o m  t h e  e q u a t i o n
Z c ( D )  = Z D *  Z m
I t  h a s  b e e n  e s t a b l i s h e d  t h a t  t h e  t o t a l  p r e s s u r e  d r o p  i s  
c o m p o s e d  o f  t h e  d r y  p l a t e  p r e s s u r e  d r o p ,  t h e  p r e s s u r e  
l o s s  t h r o u g h  t h e  f r o t h i n g  l i q u i d  a n d  t h e  p r e s s u r e  l o s s  
d u e  t o  b u b b l e  f o r m a t i o n .  T h e  v a l u e s  o f  t o t a l  p r e s s u r e  
d r o p ,  d r y  p l a t e  p r e s s u r e  d r o p  a n d  t h e  b u b b l i n g  p r e s s u r e  
d r o p  w e r e  o b t a i n e d  i n d e p e n d e n t l y  a n d  w e r e  u s e d  w i t h  t h e  
e q u a t i o n
1 . 1 4  Z 0 ( h )  =  h T  -  h D p  -  h R
t o  c a l c u l a t e  t l i e  l i q u i d  h o l d  u p  p e r  u n i t  a r e a .
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V a l u e s  o f  l i q u i d  h o l d  u p  c a l c u l a t e d  b y  t h i s  
t e c h n i q u e  a r e  g e n e r a l l y  s m a l l e r  t h a n  t h o s e  c a l c u l a t e d  
b y  t h e  d y n a m i c  h e a d  t e c h n i q u e .
T h e  l i q u i d  r e s i d e n c e  t i m e  m e t h o d  o f  e v a l u a t i n g  
t h e  l i q u i d  h o l d  u p  i s  p o t e n t i a l l y  s u p e r i o r  t o  e i t h e r  o f  
t h e  m e t h o d s  d e s c r i b e d  a b o v e  b e c a u s e  i t  g i v e s  a  v a l u e  f o r  
t h e  e n t i r e  t r a y  r a t h e r  t h a n  f o r  t h e  b u b b l i n g  z o n e  a l o n e .  
T h e  t o t a l  h o l d  u p  v a l u e s  w e r e  c a l c u l a t e d  f r o m  t h e  e q u a t i o n
Z c ( t )  =  t  v
a n d  a r e  a l w a y s  g r e a t e r  t h a n  t h o s e  c a l c u l a t e d  f r o m  t h e  
o t h e r  m e t h o d s  a b o v e .
T h e  t h e o r e t i c a l  e q u a t i o n  a s s u m e s  t h a t  t h e  h o l d  
u p  p e r  u n i t  a r e a  e q u a l s  t h e  s u m  o f  t h e  w e i r  h e i g h t  a n d  
t h e  c r e s t  o v e r  t h e  w e i r
Z ( F )  =  W +  Z ^ tT 
c  o w
V a l u e s  c a l c u l a t e d  f r o m  t h i s  e q u a t i o n  w e r e  m u c h  g r e a t e r
t h a n  t h o s e  f r o m  o t h e r  m e t h o d s  a n d  a r e  c o n s i d e r e d  t o  b e
u n s u i t a b l e  f o r  d e s i g n  p u r p o s e s .  H o w e v e r  t h e  r e l a t i o n s h i p
w a s  m o d i f i e d  i n  t h e  l i g h t  o f  t h e  v a l u e s  o f  Z ( D )  a n d
Z c ( t )  t o
Z C ( F )  =  0 . 7  -  0 . 0 3 W  +  Z QW 
w h i c h  c a n  b e  u s e d  t o  g i v e  a  f i r s t  a p p r o x i m a t i o n  o f  t h e  
l i q u i d  h o l d  u p .
O f  t h e  f o u r  m e t h o d s  u s e d  t o  e v a l u a t e  t h e  l i q u i d  
h o l d  u p  t h a t  b a s e d  011 t h e  r e s i d e n c e  t i m e  d a t a  i s  t h e  m o s t
2 7 3  “
a c c u r a t e  b u t  t h e  d y n a m i c  h e a d  m e t h o d  c a n  b e  a c c u r a t e l y  
e m p l o y e d  o n  t r a y s  w i t h  s m a l l  c a l m i n g  s e c t i o n s .
8 . 2 . 1 „ 5 . A e r a t i o n  a n d  f r o t h  d e n s i t y  f a c t o r s L
T h e s e  t w o  f a c t o r s  a r e  t h e  o n e s  g e n e r a l l y  u s e d  
t o  d e s c r i b e  t h e  e x t e n t  o f  f r o t h i n g  i n  d i s t i l l a t i o n  c o l u m n s .  
T h e  a e r a t i o n  f a c t o r  c a n  b e  d e f i n e d  a s  t h e  r a t i o  o f  t h e  l i q u i d  
h o l d  u p  p e r  u n i t  a r e a  u n d e r  o p e r a t i n g  c o n d i t i o n s  t o  t h a t  
w h i c h  w o u l d  o c c u r  w i t h o u t  a e r a t i o n .  O b v i o u s l y  f o u r  a e r a t ­
i o n  f a c t o r s  c o u l d  b e  c a l c u l a t e d  b e c a u s e  o f  t h e  f o u r  m e t h o d s  
o f  d e t e r m i n i n g  t h e  l i q u i d  h o l d  u p  b u t  t h e  d i s c u s s i o n  w a s  
r e s t r i c t e d  t o  t h o s e  e v a l u a t e d  f r o m  d y n a m i c  h e a d  a n d  
p r e s s u r e  d r o p  d a t a .  H o w e v e r  w h i c h e v e r  m e t h o d  w a s  c h o s e n ,  
o v e r  a  w i d e  r a n g e  o f  f l u i d  f l o w  r a t e s ,  t h e  a e r a t i o n  
f a c t o r s  w e r e  q u i t e  s m a l l  b e i n g  i n  t h e  r a n g e  0 . 4 5  t o  0 . 8 .
T h e  f r o t h  d e n s i t y  f a c t o r  w a s  d e f i n e d  a s  t h e  
r a t i o  o f  t h e  l i q u i d  h o l d  u p  p e r  u n i t  a r e a  t o  t h e  f r o t h  
h e i g h t .  A g a i n ,  t h e  w a y  i n  w h i c h  t h e  l i q u i d  h o l d  u p  i s  
c a l c u l a t e d  w i l l  a f f e c t  t h e  v a l u e  o f  t h e  f r o t h  d e n s i t y  
f a c t o r .  A g r e e m e n t  b e t w e e n  t h e  m e t h o d s  i s  q u i t e  g o o d  a n d  
o v e r  t h e  e n t i r e  r a n g e  o f  e x p e r i m e n t a l  v a r i a b l e s  t h e  f r o t h  
d e n s i t y  f a c t o r  o n l y  v a r i e d  w i t h i n  t h e  s m a l l  r a n g e  0 . 1  t o  
0 . 4 .
B o t h  t h e  a e r a t i o n  f a c t o r  a n d  t h e  f r o t h  d e n s i t y  
f a c t o r  e x h i b i t  a  s l i g h t  i n c r e a s e  w i t h  l i q u i d  r a t e  i n c r e a s e s  
b u t  g a s  r a t e  i n c r e a s e s  c a u s e  t h e  f a c t o r s  t o  d e c r e a s e  q u i t e
rapidly.
T h e  f r o t h  i n  t h e  d o w n c o m e r  w a s  m e a s u r e d  v i s u a l l  
a n d  i s  o n l y  c o n s i d e r e d  a c c u r a t e  t o  +  0 . 5  i n c h e s .  T h e  
f r o t h  w a s  f o u n d  t o  b e  i n  t w o  d i s t i n c t  z o n e s .  T h e  l o w e r  
s e c t i o n  w a s  m o s t l y  l i q u i d  w h i l e  a b o v e  i t  e x i s t e d  a  l e s s  
d e n s e  z o n e  w h i c h  a p p e a r e d  t o  b e  m o s t l y  g a s  w i t h  o n l y  a  
l i t t l e  l i q u i d  d i s p e r s e d  i n  i t .  T h e  f r o t h  h e i g h t  w a s  
i n v e s t i g a t e d  a s  a  f u n c t i o n  o f  t h e  f l u i d  f l o w  r a t e s  a n d  
w e i r  h e i g h t s .  T h e  l i q u i d  r a t e  w a s  s h o w n  t o  b e  t h e  m a j o r  
v a r i a b l e  w i t h  i n c r e a s e s  i n  i t  c a u s i n g  l a r g e  i n c r e a s e s  i n  
t h e  f r o t h  h e i g h t  w h i l e  i n c r e a s e s  i n  t h e  g a s  r a t e  o n l y  
c a u s e d  m i n o r  u p w a r d  m o v e m e n t s .
8 . 2 , 1 . 7 *  S t a t i c  h e a d  o f  l i q u i d  i n  d o w n c o m e r .
T h e  s t a t i c  h e a d  i n  t h e  d o w n c o m e r  w a s  f o u n d  t o  
i n c r e a s e  w i t h  i n c r e a s e s  i n  f l u i d  f l o w  r a t e s  a n d  w e i r  
h e i g h t .  T h e  e q u a t i o n
j i ' D c  = hrp+j z DL P + h U F + h BU 
w a s  f o u n d  t o  b e  c a p a b l e  o f  p r e d i c t i n g  t h e  s t a t i c  h e a d  
t o  w i t h i n  +  5 / *
8 . 2 . 2 .  M a s s  T r a n s f e r  S t u d y ,
T h e  h y d r o d y n a m i c  s t u d y  w a s  r e p e a t e d  i n  t h e  
p r e s e n c e  o f  m a s s  t r a n s f e r  b u t  t h e  r e s u l t s  o b t a i n e d  w e r e
8.2.1.6. Froth height in downcomer.
- 275 -
i d e n t i a l  w i t h  t h o s e  o b t a i n e d  i n  t h e  a b s e n c e  o f  m a s s  
t r a n s f e r ,
T h e  M u r p h r e e  l i q u i d  p h a s e  e f f i c i e n c y  v a l v e s  
o b t a i n e d  f r o m  t h e  a i r - a q u e o u s  g l y c e r o l - o x y g e n  s y s t e m  
w e r e  f o u n d  t o  d e c r e a s e  w i t h  i n c r e a s e s  i n  t h e  l i q u i d  f l o w  
r a t e  s a i d  t o  s h o w  o n l y  a  s l i g h t  i n c r e a s e  w i t h  i n c r e a s e s  i n  
t h e  g a s  r a t e .  T h e  i n c r e a s e s  w i t h  a i r  r a t e  w e r e  f a r  m o r e  
p r o n o u n c e d  a t  t h e  l o w e r  w e i r  h e i g h t .  T h e s e  t r e n d s  w e r e  
e v i d e n t  f o r  b o t h  t h e  t r a y  a l o n e  a n d  t h e  t r a y  p l u s  d o w n c o m e r .
T h e  m a s s  t r a n s f e r  t a k i n g  p l a c e  i n  t h e  cl o w n  c o m e r  
h a s  b e e n  s h o w n  t o  b e  s i g n i f i c a n t .  T h e  f r a c t i o n  o f  t h e  
t o t a l  m a s s  t r a n s f e r  t a k i n g  p l a c e  i n  t h e  s y s t e m  t h a t  t a k e s  
p l a c e  i n  t h e  d o w n c o m e r  h a s  b e e n  s h o w n  t o  i n c r e a s e  w i t h  
i n c r e a s e s  i n  l i q u i d  r a t e  a n d  t o  d e c r e a s e  s l i g h t l y  w i t h  
a i r  r a t e  i n c r e a s e s .  T h e s e  t r e n d s  a r e  m o r e  m a r k e d  a t  t h e  
l o w e r  w e i r  h e i g h t .  T h e  d o w n c o m e r  i s  s e e n  t o  a c c o u n t  f o r  
u p  t o  L\5% o f  t h e  t o t a l  m a s s  t r a n s f e r .  I t  i s  t h e r e f o r e  
o b v i o u s  t h a t  t h e  d o w n c o m e r  s h o u l d  b e  d e s i g n e d  b o t h  f r o m  
a  h y d r a u l i c  a n d  m a s s  t r a n s f e r  p o i n t  o f  v i e w .
8 . 2 . 5 °  L i q u i d  p h a s e  r e s i d e n c e  t i m e  a n d  m i x i n g  s t u d y .
T h e  l i q u i d  p h a s e  r e s i d e n c e  t i m e  a n d  t h e  e x t e n t  
o f  l i q u i d  m i x i n g  w e r e  i n v e s t i g a t e d  b o t h  f o r  t h e  s i e v e  t r a y  
a l o n e  a n d  f o r  t h e  c o m b i n e d  s i e v e  t r a y  a n d  d o w n c o m e r  s y s t e m  
a s  a  f u n c t i o n  o f  f l u i d  f l o w  r a t e s  a n d  w e i r  h e i g h t .
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T h e  m e a n  r e s i d e n c e  t i m e  d e c r e a s e d  s t r o n g l y  
w i t h  i n c r e a s e s  i n  t h e  l i q u i d  f l o w  r a t e .  T h i s  r e s u l t  i s  t o  b e  
e x p e c t e d  b e c a u s e  t h e o r e t i c a l l y  i t  c a n  b e  s h o w n  t h a t ,  f o r  
a  c o n s t a n t  v o l u m e  s y s t e m ,  t h e  r e s i d e n c e  t i m e  i s  i n v e r s e l y  
p r o p o r t i o n a l  t o  t h e  l i q u i d  f l o w  r a t e .  T h e  l i q u i d  m e a n  r e s ­
i d e n c e  t i m e  i s  a l m o s t  i n d e p e n d e n t  o f  t h e  g a s  f l o w  r a t e .
T h i s  r e s u l t  i s  i n  g o o d  a g r e e m e n t  w i t h  t h e  h y d r o d y n a m i c  
s t u d y  w h i c h  s h o w e d  t h a t  t h e  v o l u m e  c f  l i q u i d ,  i n  t h e  s y s t e m  
i s  i n s e n s i t i v e  t o  g a s  r a t e  v a r i a t i o n s .  T h e  r e s i d e n c e  
t i m e  i n c r e a s e d  w i t h  i n c r e a s e s  i n  t h e  w e i r  h e i g h t .
T h e  e x t e n t  o f  l i q u i d  m i x i n g  o n  t h e  t r a y  w a s  
i n t e r p r e t e d  e i t h e r  u s i n g  a n  e d d y  d i f f u s i o n  m o d e l  o r  
i n . t e r m s  o f  t h e  d i m e n s i o n l e s s  v a r i a n c e .  B o t h  a p p r o a c h e s  
s h o w e d  t h a t  t h e  a m o u n t  o f  m i x i n g  d e c r e a s e d  w i t h  i n c r e a s e s  
i n  l i q u i d  f l o w  r a t e  a n d  w e i r  h e i g h t  a n d  w a s  i n d e p e n d e n t  
c f  a i r  r a t e  c h a n g e s .  T h e  m o s t  i m p o r t a n t  c o n c l u s i o n  t o  b e  
d r a w n  f r o m  t h e s e  r e s u l t s  i s  t h a t  t h e  l i q u i d  m o m e n t u m  
i s  o n e  o f  t h e  f u n d a m e n t a l  f a c t o r s  d e t e r m i n i n g  t h e  e x t e n t  
o f  l i q u i d  m i x i n g  a n d  t h a t  a s  t h e  l i q u i d  f l o w  i n c r e a s e s  
s o  t h e  t y p e  o f  f l o w  i n  t h e  s y s t e m  t e n d s  t o w a r d s  p l u g  f l o w .
I t  w a s  f o u n d  t o  b e  p o s s i b l e  t o  o b t a i n  s o m e  u s e f u l  
c o r r e l a t i o n s  f r o m  t h e  r e s u l t s .  T h e  e d d y  d i f f u s i o n  
c o e f f i c i e n t  i s  w e l l  c o r r e l a t e d  b y  t h e  e q u a t i o n  
De  x  1 0 2 =  8 . 6 3  U L  ~  0 . 067 W +  0 . 3 3  
w h i l e  t h e  d i m e n s i o n l e s s  v a r i a n c e  w a s  c o r r e l a t e d  b y  t h e  
e q u a t i o n
62x 102 = 13.87-0.194Fa-0.356W-0.068L
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T h e  e x t e n t  c f  l i q u i d  m i x i n g  i n  t h e  c o m b i n e d  s y s t e m  f o l l o w e d  
t h e  s a m e  t r e n d s  a s  f o r  t h e  t r a y  a l o n e  b u t  t h e  a p p l i c a b i l i t y  
c f  t h e  e d d y  d i f f u s i o n  m o d e l  w a s  c o n s i d e r e d  t o  b e  o f  
d o u b t f u l  v a l i d i t y .  T h e  e x t e n t  o f  m i x i n g  w a s  f o u n d  t o  b e  
l e s s  f o r  t h e  c o m b i n e d  s y s t e m  t h a n  f o r  t h e  t r a y  a l o n e .  I t  
m a y  b e  c o n c l u d e d  t h e r e f o r e  t h a t  t h e  l i q u i d  i n  t h e  d o w n c o m e r  
w a s  m o r e  n e a r l y  i n  p l u g  f l o w  t h a n  t h a t  c n  t h e  t r a y ,
8 , 2 . 3 - 1 .  E f f e c t  o f  l i q u i d  r e s i d e n c e  t i m e  a n d  d e g r e e  o f
m i x i n g  o n - t h e  m a s s  t r a n s f e r  e f f i c i e n c y .
T h e  p l a t e  e f f i c i e n c y  c f  e i t h e r  t h e  t r a y  o r  t h e  
t r a y  p l u s  d o w n c o m e r  i s  s h o w n  t o  d e p e n d  s o l e l y  u p o n  t h e  
r e s i d e n c e  t i m e  o f  t h e  l i q u i d .  I t  m a y  t h u s  b e  c o n c l u d e d  
t h a t  t h e  d o w n c o m e r  i s  a s  e f f i c i e n t  a  s y s t e m  f o r  m a s s  t r a n s f e r  
a s  t h e  t r a y  a l o n e .  H o w e v e r  i t  m u s t  b e  b o r n e  i n  m i n d  t h a t  
t h i s  c o n c l u s i o n  i s  o n l y  v a l i d  i f  t h e  d o w n c o m e r  i s  f e d  
w i t h  f u l l y  a e r a t e d  l i q u i d  f r o m  t h e  t r a y .
T h e  m i x i n g  m o d e l  f i r s t  d e r i v e d  b y  F o s s  e t . a l .
( 2 8 )  h a s  b e e n  u s e d  t o  c o m p u t e  t h e  n u m b e r  o f  l i q u i d  p h a s e
m a s s  t r a n s f e r  u n i t s  f o r  t h e  i n t e r m e d i a t e  c a s e  o f  l i q u i d
m i x i n g  o c c u r r i n g  o n  t h e  t r a y  a n d  i n  t h e  d o w n c o m e r .  T h e  
n u m b e r  o f  t r a n s f e r  u n i t s  w a s  f o u n d  t o  d e c r e a s e  s h a r p l y  
w i t h  i n c r e a s e s  i n  t h e  l i q u i d  f l o w  r a t e  a n d  i n c r e a s e  
s l i g h t l y  w i t h  i n c r e a s e s  i n  t h e  w e i r  h e i g h t  a n d  g a s  f l o w  
r a t e .
The number of liquid phase mass transfer units
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w a s  f o u n d  t o  i n c r e a s e  l i n e a r l y  w i t h  i n c r e a s e s  i n  l i q u i d  
r e s i d e n c e  t i m e  f o r  a l l  t h e  e x p e r i m e n t a l  c o n d i t i o n s  
i n v e s t i g a t e d .  T h i s  r e s u l t  i s  i n  a g r e e m e n t  w i t h  t h e o r e t i c a l  
c o n s i d e r a t i o n s  f r o m  w h i c h  t h e  f o l l o w i n g  e q u a t i o n  w a s  
d e r i v e d
N r =  k . r a  tLi ij m
T h e  m a s s  t r a n s f e r  c o e f f i c i e n t  w a s  f o u n d  t o  i n c r e a s e  w i t h  
i n c r e a s e s  i n  g a s  r a t e  a n d  w e i r  h e i g h t  a n d  t o  b e  c o r r e l a t e d  
b y  t h e  e q u a t i o n
k L a  0 . 0 5 7 7 + 0 . 0 2 2 7 F A ± 0 . 0 0 2 5 7 W
I f  t h i s  r e s u l t  i s  c o m b i n e d  w i t h  t h e  w o r k  o f  C a l d e r b a n k  ( 4 7 )  s 
w h o  r e p o r t e d  t h a t  t h e  l i q u i d  p h a s e  m a s s  t r a n s f e r  c o e f f i c i e n t  
k. r w a s  i n d e p e n d e n t  o f  t h e  f l u i d  f l o w  r a t e s ,  t h e n  i tij
m a y  b e  d e d u c e d  t h a t  t h e  i n c r e a s e  i n  k ^ a  i s  d u e  t o  a n  
i n c r e a s e  i n  t h e  i n t e r f a c i a l  a r e a  w i t h  i n c r e a s e s  i n  t h e  
g a s  f l o w  r a t e  a n d  w e i r  h e i g h t .
T h e  n u m b e r  o f  t r a n s f e r  u n i t s  f o r  t h e  c o m b i n e d
s y s t e m  w a s  s i m i l a r l y  e v a l u a t e d  a n d  s h o w e d  t h e  s a m e  t r e n d s
w i t h  r e s i d e n c e  t i m e  a s  t h e  t r a y  a l o n e .  T h e  v a l u e s  o f  t h e
m a s s  t r a n s f e r  c o e f f i c i e n t s  f o r  b o t h  t h e  t r a y  a n d  t h e  c o m b i n e d
s y s t e m  a r e  o f  t h e  s a m e  o r d e r  c f  m a g n i t u d e  n a m e l y  i n  t h e  
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r a n g e  0 . 0 8 5  h r  t o  0 . 1 1 6  h r
8 . 2 . 4 .  G a s  p h a s e  r e s i d e n c e  t i m e  a n d  m i x i n g  s t u d y .
T h e  g a s  p h a s e  r e s i d e n c e  t i m e  a n d  m i x i n g  d a t a
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w a s  i n t e r p r e t e d  u s i n g  a n  e d d y  d i f f u s i o n  m o d e l  a n d  w a s  
i n v e s t i g a t e d  a s  a  f u n c t i o n  o f  t h e  f l u i d  f l o w  r a t e s  a n d  
w e i r  h e i g h t .  T h e  r e s i d e n c e  t i m e  o f  t h e  g a s  b e t w e e n  t h e  
t w o  s a m p l e  p o i n t s  i n c r e a s e d  s l i g h t l y  w i t h  i n c r e a s e s  i n  
l i q u i d  r a t e  a n d  w e i r  h e i g h t  b u t  d e c r e a s e s  r a p i d l y  w i t h  
a i r  r a t e  i n c r e a s e s .
T h e  m e a n  v e l o c i t i e s  o f  t h e  g a s  c a l c u l a t e d  
f r o m  t h e  r e s i d e n c e  t i m e  d a t a  w e r e  m u c h  s m a l l e r  t h a n  t h e  
v a l u e s  b a s e d  c n  g a s  t h r o u g h p u t  a n d  t h e  b u b b l i n g  a r e a .
T h e  v e l o c i t i e s  m o r e  n e a r l y  c o n f o r m e d  t c  t h o s e  b a s e d  o n  
t h e  f r e e  f l o w  a r e a  o f  t h e  t o w e r  a n d  a s  i t  i s  c o n c l u d e d  
t h a t  t h e  u s e  i n  d e s i g n  c o r r e l a t i o n s  o f  f a c t o r s  r e l y i n g  
o n  g a s  v e l o c i t i e s  b a s e d  o n  t h i s  a r e a  a r e  m o r e  m e a n i n g f u l  
t h a n  t h o s e  b a s e d  c n  t h e  b u b b l i n g  a r e a .
T h e  P e c l e t  n u m b e r  f o r  t h e  a i r  p a s s i n g  t h r o u g h  
t h e  f r o t h i n g  m a s s  o n  t h e  t r a y  w a s  f o u n d  t o  d e c r e a s e  a s  
t h e  l i q u i d  r a t e  a n d  w e i r  h e i g h t  i n c r e a s e d  a n d  t o  b e  
v i r t u a l l y  i n d e p e n d e n t  o f  t h e  a i r  r a t e .
I t  i s  e v i d e n t  t h a t  t h e  d e g r e e  o f  m i x i n g  o f  t h e  
a i r  p h a s e  i n c r e a s e s  w i t h  i n c r e a s e s  i n  t h e  l i q u i d  f l o w  r a t e  
a n d  d e c r e a s e s  i n  t h e  w e i r  h e i g h t .  T h e  m o s t  i m p o r t a n t  
c o n c l u s i o n  t o  b e  d r a w n  f r o m  t h e s e  r e s u l t s  i s  t h a t  t h e  
l i q u i d  m o m e n t u m  i s  o n e  o f  t h e  f u n d a m e n t a l  f a c t o r s  d e t e r m i n i n g  
t h e  e x t e n t  o f  v a p o u r  p h a s e  m i x i n g .  T h e  P e c l e t  n u m b e r  w a s  
c o r r e l a t e d  w i t h  t h e  l i q u i d  m o m e n t u m  b y  e q u a t i o n
Pp,1 = 37.4 - 1.07Ml
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T h e  c o m b i n a t i o n  o f  t h e  c o n c l u s i o n s  o f  t h e  l i q u i d  a n d  
g a s  p h a s e  m i x i n g  s t u d y  s h o w s  t h a t  t h e  l i q u i d  m o m e n t u m  
i s  t h e  m a j o r  v a r i a b l e  a f f e c t i n g  t h e  d e g r e e  c f  m i x i n g  
i n  e i t h e r  p h a s e .
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TABLE 1
A I R  P L O W  R A T E  
( f t ' * / m i n )
!
H O L E  V E L O C I T Y  
( f t / s e c )
O
( V E L O C I T Y )  
( f t / s e c ) 2
■
D R Y  P L A T E  
P R E S S U R E  D R O P  
( " H o 0 ) ;
d.
\
j 1 3 0 2 3 . 1 5 3 4 0 . 2 7
1 8 3 3 2 . 5 5 1 0 6 0 0 . 4 6  j
j 2 2 3 3 9 . 7 0 1 5 7 5
I
0 , 7 0
j 2 3 8 4 2 . 3 1 7 9 0 0 . 8 0
2 5 5 4 5 . 4 2 0 6 0 0 . 9 5
2 8 5 5 0 . 6 2 5 6 5 1 . 2 1
3 1 1 5 5 . 3 3 0 5 5 1 . 4 3
3 3 7 b O . O 3 6 0 0 1 . 6 8
360 6 4 . 0 4 0 9 0 1 . 8 9
3 8 2 6 7 . 9 4 6 1 0 2 . 1 0
4 0 2 7 1 . 6 5 1 2 5 2 , 3 1
4 2 2 7 5 . 1 5 6 2 7 2 . 5 5
4 4 0 7 8 . 2 6 1 2 0 2 . 7 7
i + 5 9 8 1 . 5 6 6 5 0 3 . 0 1  |
4 7 6
|
8 4 . 7 7 1 8 0 3 . 2 6
1 4 9 4
_______________________
8 7 . 8 7 7 1 0
1
3 . 5 0  |
___________- . __ _ t
-  2 8 2  -
TABLE 2.
AIR-AQUEOUS GLYCEROL SYSTEM WITH NO MASS TRANSFER
WEIR HEIGHT 2” AIR RATE 224ft3/min FA“FACTOR 1.0.
E X P E R I M E N T 3 . 1 3 . 2 3 . 3 . 3 . 4 3 . 5
L g a l 1 / m i n 4 1 . 7 3 7 . 6 3 3 . 4 2 9 . 2 2 5 . 0
h D P
i n s . w a t e r 0 . 7 0 . 7 0 . 7 0 . 7 0 . 7
h T
i n s . w a t e r 3 . 4 5 3 . 3 2 3 . 2 3 3 . 1 1 3 . 0 2
Z f
i n s . 7 . 4 1 7 . 1 8 7 . 0 1 6 . 4 0 6 . 3 3
j 7
! DWT
i n s . w a t e r 2 . 5 8 2 . 4 9 2 . 3 9 2 . 3 1 2 . 2 6
Z D B Z
i n s . w a t e r 2 . 4 5 2 . 3 5 2 . 2 7 2 . 1 9 2 . 1 4
Z M
i n s . w a t e r 0 . 0 6 0 . 0 6 0 . 0 6 0 . 0 6 0 . 0 6
z c ( d ;
i n s . w a t e r 2 . 6 4 2 . 5 5 2 . 4 5 2 . 3 7 2 . 3 2
z G ( h ;
z o w
i n s . w a t e r  
i n s .
2 . 5 2
1 . 2 5
2 . 3 9
1 . 1 6
2 . 3 0
1 . 0 7
2 . 1 8
O .98
2 . 0 9
0 . 8 8
•' >—N 
'w
'o
(S3 i n s . w a t e r 3 . 2 5 3 . 1 6 3 . 0 7 2 . 9 8 2 . 8 8
X.
UL
s e c s - 5 . 0 7 5 . 2 3 5 . 5 6 6 . 3 0
z c ( t ) f t 3 - 0 . 5 0 1 0 . 4 2 6 0 . 4 3 4 0 . 4 2 1
B ( h ) 0 . 7 7 5 0 . 7 5 6 0 . 7 5 0 0 . 7 3 2 0 . 7 2 5
B ( D ) 0 . 8 1 2 0 . 8 0 7 0 . 7 9 8 0 . 7 9 5 0 . 8 0 5
0 ( h ) 0 . 2 9 8 0 . 2 9 2 0 . 2 8 8 0 . 2 9 8 0 . 2 9 0
0 ( D ) 0 . 3 1 2 0 . 3 1 2 0 . 3 0 8 0 . 3 2 5 0 . 3 2 2
Z f D C
i n s . 9 . 3 8 9 . 0 5 8 . 4 5 8 . 0 2 7 . 4 8
l d c
i n s . l i q u 6 . 8 0 6 . 7 4 6 . 4 5 6 . 3 0 5 . 9 5
h U F
i n s . w a t e r 0 . 3 5 0 . 3 3 0 . 3 1 0 . 3 0 0 . 2 8
h B U
i n s . w a t e r 0 . 2 0 0 . 1 8 0 . 1 5 0 . 1 2 0 . 1
Z D L P
i n s . l i q u 3 . 6 0 3 . 4 0 3 . 5 0 3 . 2 9 3 . 3 8
T *
^  DP
i n s . l i q u 6 . 7 5 6 . 4 5 6 . 3 5 6 . 1 8 6 . 1 8
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TABLE 2. (continued)
AIR-AQUEOUS GLYCEROL SYSTEM WITH NO MASS TRANSFER
WEIR HEIGHT 2” AIR RATE 224 ft3/min F^-FACTOR 1.0
j E X P E R I M E N T 3 - 6 3 . 7 3 . 8 __3  ; 9 3 . 10  i, j
1
L
:
g a l l / m i n 2 0 . 8 1 6 . 7 1 2 . 5 8 .
' * •
2
i
h DP
i n s . w a t e r 0 . 7 0 . 7 0 . 7 0 . 7 0 . 7
h T
i n s . w a t e r 2 . 9 1 2 . 8 1 2 . 7 0 2 . 5 7 2 . 44
Z f
i n s . 6 . 18 6 . 0 5 5 . 7 5 5 . 4 0 4 . 90
ZDWT
i n s . w a t e r  
< 2 . 2 0 2 . 1 1 2 . 0 0 1 . 8 5 1 . 70
Z D B Z
i n s . w a t e r 2 . 0 9 2 . 0 1 1 . 9 0 1 . 7 7 1 . 62
ZM
i n s . w a t e r 0 . 0 6 0 . 0 6 0 . 0 6 0 . 0 6 0 . 0 6
Z C ( D ) i n s . w a t e r 2 . 2 6 2 . 1 7 2 . 0 6 1 . 9 1 1 . 7 6
Z c ( h ) i n s . w a t e r 1 . 9 8 1 . 8 8 1 . 7 7 1 . 6 4 1 . 5 1
Z 0W.
i n s . 0 . 7 9 0 . 6 7 0 . 5 6 0 . 36 0 . 2 7
Z e ( F ) i n s . w a t e r 2 . 7 9 2 . € 7 2 . 56 2 . 3 6 2 . 2 7
b L
s e c s 7 ° 1 2 8 . 3 6 1 0 . 1 8 1 4 . 4 2 2 4 . 3 1
f t 3 0 . 3 9 6 0 . 3 7 3 0 . 3 4 0 0 . 3 2 2 0 . 2 7 4
B ( h ) . 0 . 7 1 0 0 . 7 0 4 0 . 691 0 . 6 9 5 0 . 665
B ( D ) 0 . 8 1 0 0 . 8 1 3 0 . 805 0 . 8 0 9 0 , 7 7 5
0 ( h ) 0 . 2 8 1 0 . 2 7 2 0 . 270 0 . 2 6 8 0 . 270
0 ( D ) 0 . 3 2 0 0 . 3 1 4 0 . 3 1 4 0 . 3 1 0 0 . 3 1 5
Z f D C
i n s . 7 . 3 0 6 « 82 6 . 3 0 5 . 7 0 5 . 43
l d c
i n s . l i q u . 5 . 8 5 5 . 5 8 5 . 3 0 5 . 1 1 4 . 8 3
h U F
i n s . w a t e r 0 . 2 7 0 . 2 5 0 . 2 4 0 . 2 2 0 . 2 1
h B U
i n s . w a t e r - - -
ZD L P
i n s . l i q u . 3 . 3 0 3 ° 1 9 3 . 0 7 2 . 8 5 d . 6 l
e 1 d p
i n s . l i q u . 6 . 0 9 5 . 8 7 5 . 6 5 5 . 3 0 4 . 9 4
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TABLE 3.
AIR-AQUEOUS GLYCEROL SYSTEM WITH NO MASS TRANSFER
WEIR HEIGHT 2" AIR RATE 335 ft3/min F^-FACTOR 1.5
E X P E R I M E N T 4
- 1
4 .
'
2 4 . 3_____ 4 . 4 _ j r . 5
L g a l l / m i n 4 1
—  H
. 7
----
3 7 . 6 3 3 . 4 2 9 . 2 2 5 . 0
h D P
i n s . w a t e r 1 6 6 1 . 6 6 1 . 6 6 1 . 6 6 1 . 6 6
h T
i n s . w a t e r 3 . 9 0 3 . 7 8 3 . 6 9 3 . 6 0 3 . 4 9
Z fi
i n s . 7 . 9 0 7 . 4 2 7 . 2 5
S 7
DWT
i n s . w a t e r 2 . 4 1 2 . 3 1 2 . 2 0 2 , 1 0 2 . 0 4
Z D B Z i n s . w a t e r
2 1 6 2 . 0 7 1 . 9 6 1 . 8 6 X . 80
Z M
i n s . w a t e r 0 . 1 3 0 . 1 3 0 . 1 3 0 1 3 0 . 1 3
Zc  ( D ) i n s . w a t e r 2 5 4 2 . 4 4 2 . 3 3 2 , 2 3 2 . 1 7
%  ( h ) i n s . w a t e r 2 . 0 1 1 . 8 9 1 . 8 9 1 . 7 1 1 . 6 0
Z OW
i n s . 1 . 2 5 1 . 1 6 1 . 0 7 0 , 9 8 0 . 8 8
h  ( p ) i n s . w a t e r 3 - 2 5 3 . 1 6 3 . 0 7 2 9 8 2 . 8 8
f t
s e c s * 4 . 9 8 5 . 4 4 5 - 6 8 6 . 3 0
2 0 ( t ) f t 3 0 . 5 0 1 0 . 4 8 5 0 . 4 4 3 0 . 4 2 1
B ( h ) 0 . 6 1 9 0 . 5 9 8 0 . 6 1 5 0 5 7 4 0 . 5 5 5
B ( D ) 0 . 7 8 1
•
0 . 7 7 1 0 . 7 5 9 0 , 7 4 8 0 . 7 5 3
0 ( h ) 0 . 2 0 4 0 . 2 1 0 0 . 2 0 2 0 . 1 9 3
0 ( D ) 0 . 2 8 2 0 . 2 7  6 0 . 2 6 4 0 . 2 6 2
7.
f D C
i n s . 1 0 , 0 0 9 . 60 9 . 2 0 8 . 7 5 8 . 3 5
l d c
i n s . l i q u 7 . 3 6 7 . 0 9 6 . 9 0 6 . 7 3 6 . 5T-
h U F
i n s . w a t e r 0 . 3 5 0 . 3 3 0 . 3 1 0 . 3 0 0 . 2 8
h B U
i n s . w a t e r 0 . 2 1 0 . 2 0 0 . 1 6 0 . 1 1 0 . 1
Z D L P
i n s . l i q u . 3 . 7 5 3 . 6 7 3 . 6 0 3 . 4 9 3 . 3 9
T 1
14 DP
i n s . l i q u . 7 3 0 7 . 1 0 6 . 9 5 6 . 8 6 6 . 6 0
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TABLE 3. (continued)
AIR-AQUEOUS GLYCEROL SYSTEM WITH NO MASS TRANSFER
WEIR HEIGHT 2” AIR RATE 335 ft3/min F^-FACTOR 1.5
j E x p e r i m e n t 4 .
'
6 4 . 7 4 . 8 4 . 9 J L 1 0j
! L) g a l l / m i n 2 0 . 8 1 6 . 7 1 2 . 5 8 . 4 4 . 2
I h D P
i n s . w a t e r 1 . 6 6 1 . 6 6 1 . 6 6 1 . 6 6 1 . 6 6
h T i n s . w a t e r 3 . 4 0 3 . 3 1 3 . 2 3 3 . 1 2 3 . 0 2
Z f
i n s . 7 . 0 2 6 . 7 5 6 . 5 0 6 . 1 0 5 . 9 0
ZDWT i n s . w a t e r 1 . 9 6 1 . 8 7 1 . 7 8 1 . 7 0 1 . 5 6
Z D B Z
i n s . w a t e r 1 . 7 2 1 . 6 5 1 . 5 8 1 . 5 1 1 . 3 7
Z M i n s . w a t e r 0 . 1 3 • 0 . 1 3 0 . 1 3 0 . 1 3 0 . 1 3
Z C ( D i i n s . w a t e r 2 . 0 9 2 . 0 0 1 . 9 1 1 . 8 3 1 . 6 9
z c ( h i i n s . w a t e r 1 . 5 1 1 . 4 2 1 . 3 4 1 . 2 3 1 . 1 3
Z 0 W
i n s . 0 . 7 9 0 . 6 7 0 . 5 6 0 . 3 6 0 . 2 7
z c < p :• i n s . w a t e r 2 . 7 9 2 . 6 7 2 . 5 6 2 . 3 6 2 . 2 7
_tL
s e c s . 6 . 6 3 8 . 1 9 1 0 . 1 8 1 4 . 4 2 2 5 . 4
z 0 ( t ; i f t 3 0 . 3 6 9 0 . 3 6 5 0 . 3 4 0 0 . 3 3 8 0 . 2 8 7
B ( h ) 0 . 5 4 1 0 . 5 3 1 0 . 5 2 3 0 . 5 2 1 0 . 4 9 8
B ( D ) 0 . 7 5 0 0 . 7 5 0 0 . 7 4 6 0 . 7 7 5 0 . 7 4 5
0 ( h ) 0 . 1 8 9 0 . 1 8 5 0 . 1 8 1 0 . 1 7 7 0 . 1 6 8
0 ( D ) 0 . 2 6 1 0 . 2 6 0 0 . 2 5 8 0 . 2 6 3 0 . 2 5 1
Z f D C
i n s . 7 . 8 3 7 . 5 0 6 . 9 0 6 . 4 0 6 . 1 0
l d c
i n s . l i q u 6 . 3 1 6 . 0 7 5 * 8 4 5 . 5 8 5 . 4 2
h U F
i n s . w a t e r 0 . 2 7 0 . 2 5 0 . 2 4 0 . 2 2 0 . 2 1
h B U
i n s . w a t e r - „ - - -
Z D L P
i n s . l i q u . 3 . 3 0 3 . 1 8 3 . 0 2 2 . 8 1 2 . 5 3
T 1
D P
i n s . l i q u . 6 . 5 2 6 . 3 0 6 . 2 6 5 . 7 4 5 . 3 6
T A B L E  4 .
A I R - A Q U E O U S  G L Y C E R O L  S Y S T E M  W I T H  NO M A S S  T R A N S F E R .  
W E I R  H E I G H T  2 ” A I R  R A T E  4 4 6  f t 3 / m i n  F ^ - F A C T O R  2 . 0
" 286 —
[ E X P E R I M E N T 5 . 1 5 . 2 5 . 3 5 . 4 5 . 5
L
i
g a l l / m i n 4 1 . 7 3 7 . 6 3 3 . 4 r r 2 5 . 0
|h D P
i n s . w a t e r 2 . 8 7 2 . 8 7 2 . 8 7 2 . 8 7 2 . 8 7
:
h T i n s . w a t e r 4 . 7 7 4 . 7 0 4 . 5 8 4 . 4 9 4 . 4 2
i Z -f f
.
m s . - - •« “
Z DWT
i n s . w a t e r 2 . 1 4 2 . 0 4 1 . 9 4 1 . 8 3 1 . 7 5
Z D B Z
i n s . w a t e r 1 . 8 2 1 . 7 2 1 . 6 1 1 . 5 1 1 . 4 1
Z M
m s  . w a t e r 0 . 2 3 0 . 2 3 0 . 2 3 0 . 2 3 0 . 2 3
i
ZG ( D )  [ i n s . w a t e r 2 . 3 7 2 . 2 7 2 . 1 7 2 . 0 7 1 . 9 8
Z c ( h ) i n s . w a t e r 1 . 6 7 1 . 6 0 1 . 4 8 1 . 3 9 1 . 3 2
Z 0 W
i n s . 1 . 2 5 1 . 1 6 1 . 0 7 O .98 O .98
Zq  ( P )  j i n s  . w a t e r 3 . 2 5 3 . 1 6 3 . 0 7 2 . 9 8 2 . 8 8
l L
s e c s 4 . 9 9 5 . 3 2 5 . 9 4 6 . 4 2
z c ( t ) f t 3 - 0 . 5 0 1 0 . 475 0 . 4 6 3 0 . 4 2 9
B ( h ) 0 . 5 1 4 0 . 5  0 6 0 , 4 8 1 0 . 4 6 6 0 . 4 5 9
B ( D ) 0 . 7 3 0 0 . 7 1 9 0 . 7 0 7 0 . 6 9 5 0 . 6 8 8
♦ ( h ) 0 . 1 5 8 0 . 1 5 6 0 . 1 4 8 0 , 1 4 3 0 . 1 4 1
♦ ( D ) 0 . 2 2 4 0 . 2 2 2 0 . 2 1 8 0 . 2 1 4 0 . 2 1 2
Z f D C
i n s  ♦ 1 0 . 7 8 1 0 . 3 2 1 0 . 0 0 9 - 5 5 8 . 9 2
l d c
i n s . l i q u 8 . 1 5 7 . 8 8 7 . 6 0 7 . 4 6 7 . 2 3
h U F
i n s . w a t e r 0 . 3 5 0 . 3 3 0 . 3 1 0 . 3 0 0 . 2 8
h B U
i n s . w a t e r 0 . 2 3 0 . 2 4 0 . 2 0 0 . 1 6 0 , 1
Z D L P
i n s . l i q u 3 . 8 0 3 . 7 2 3 . 6 0 3 . 5 0 3 . 3 7
l 1d p
i n s . l i q u 8 . 1 0 7 . 9 2 7 . 6 3 7 . 6 0 7 . 4 0
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TABLE 4. (continued)
AIR-AQUEOUS GLYCEROL SYSTEM WITH NO MASS TRANSFER.
WEIR HEIGHT 2" AIR RATE 446 ft3/ins. ^-FACTOR 2.0
E X P E R I M E N T T . 6
_ J L . 7 .... 5
. 8
n"
.....5 . 9 5 . 1 0  J
L g a l l / m i n 2 0 . 8 1 6 7 1 2 . 5 8 . 4 4 2
h DP
I n s . w a t e r 2 . 8 7 2 8 ? 2 . 8 7 2 . 8 7 2 . 8 7
h,p L n s . w a t e r 4 . 3 5 4 . 2 5 4 . 1 5 4 . 1 0 3 . 9 4
Z f i n s . 7 . 6 3 7 . 4 3 7 . 2 4 6 8 1
Z DWT
L n s . w a t e r 1 . 6 4 1 . 5 8 1 . 4 7 1 ■ 5 2 1 . 3 9
Z D B Z
L n s . w a t e r 1 . 3 1 1 . 2 8 1 . 1 8 1 . 2 0 1 . 0 9
Z , T
M
.
i n s . w a t e r 0 . 2 3 0 . 2 3 0 . 2 3 0 . 2 3 0 . 2 3
ZC ( D ) : i n s . w a t e r 1 8 7 1 . 8 1 1 7 0 1 7 5 1 . 6 2
Z G ( h ) : L n s . w a t e r 1 2 5 1 . 1 5 1 . 0 5
1
0 0 0 . 8 4
z o w  :
L n s . 0 7 9 0 . 6 7 0 5 6 0 3 6 0 . 2 7
ZC ( F ) : L n s . w a t e r 2 7 9 2 . 6 7 2 . 5 6 2 . 3 6 2 . 2 7
i
! t T.Lf!
s e c s . 6 . 8 7 8 . 4 1 1 0 . 2 4 1 4 . 4 9 2  2. 5 3
z G ( t ) f t 3 0 . 3 8 2 0 . 3 7 6 0 . 3 4 2 0 . 3 3 8 0 . 2 5 5
B ( h ) 0 . 4 4 8 0 . 4 3 0 0 . 4 1 0 0 . 4 2 4 0 . 3 7 0
B ( D ) 0 . 6 ' 7 0 0 . 6 7 7 0 . 6 6 4 0 . 7 4 1 0 . 7 1 4
♦ ( h ) 0 . 1 3 8 0 . 1 3 2 0 . 1 2 4 0 . 1 2 1 0 . 1 0 8
♦ ( D ) 0 . 2 0 6 0 . 2 0 8 0 . 2 0 0 0 . 2 1 2 0 . 2 0 8
Z f D C
i n s • 8 . 4 0 8 . 1 3 7 . 6 5 7 . 1 5 6 . 7 5
IjDC
i n s . l i q u . 7 . 0 5 6 . 9 8 6 . 7 9 6 . 4 9 6 . 2 0
h U F  1
. n s . w a t e r . 0 . 2 7 0 . 2 5 0 . 2 4 0 . 2 2 0 . 2 1
h B U
i n s . w a t e r - ~
Z D L P
i n s . l i q u . 3 . 2 6 3 . 0 8 2 , 9 7 2 . 6 8 2 . 4 1
^  DP
i n s . l i q u . 7 . 3 1 7 . 0 4
r 
0  . 8 3 6 , 4 8 6 . 0 5
rrT 288 'TABLE 5
AIR-AQUEOUS GLYCEROL SYSTEM WITH NO MASS TRANSFER
WEIR HEIGHT- 2 LIQUID RATE 37.45 gall/min
E X P E R I M E N T
v~* - —--  
6 . 1 6 . 2 " 6 . 3 ' 6 . 4 6 . 5 ' 6 . 6
;
6 . 7
f a
1 . 0 1 . 2 1 . 4 1 . 6 1 . 8 2 . 0 2 . 2
h DP
i n s . w a t e r 0 . 7 0 1 . 0 6 1 . 4 4 1 . 8 6 2 . 3 4 2 . 8 7 3 . 4 6
h T
i n s . w a t e r 3 . 3 2 3 . 4 6 3 . 6 2 3 . 9 8 4 . 3 4 4 . 7 0 5 . 1 8
Z f
i n s . 7 . 1 8 7 . 5 0 7 . 7 0
Z DWT
i n s . w a t e r 2 . 4 9 2 . 4 1 2 . 3 8 2 . 2 4 2 . 1 5 2 . 0 4 1 . 9 5
Z D B Z
i n s . w a t e r 2 . 2 9 2 . 1 8 2 . 1 6 1 . 9 9 1 . 8 6 1 . 7 2 1 . 6 1
Z M
i n s . w a t e r 0 . 0 6 0 . 0 8 0 . 1 2 0 . 1 4 0 . 1 9 0 , 2 3 0 , 2 8
z c ( D )
i n s . w a t e r 2 . 5 5 2 . 4 9 2 . 5 0 2 . 3 8 2 , 3 4 2 . 2 7 2 , 2 3
CS
J
o
/^
V tr
 
'—
/
i n s . w a t e r 2 . 3 9 2 . 1 7 2 . 1 5 1 . 8 5 1 . 7 7 1 . 6 0 1 . 4 9
Z 0 W i n s 1 . 1 6 1 . 1 6 1 . 1 6 1 . 1 6 1 . 1 6 1 . 1 6 1 . 1 6
z c m i n s . w a t e r 3 . 1 6 3 . 1 6 3 . 1 6 3 . 1 6 3 . 1 6 3 . 1 6 3 . 1 6
H
s e c s 5 . 1 0 5 . 0 8 5 . 2 2 5 . 0 8 5 . 1 7 5 . 1 0 5 . Q 4  |
Z q  ( t  ) n 3 0 . 5 1 2 0 . 5 1 1 0 . 5 2 5 0 . 5 1 1 0 . 5 2 0 0 . 5 1 3
j
0 . 5 0 6  | 
i
B ( h ) 0 . 7 5 1 0 . 6 8 6 0 . 6 8 0 0 . 5 8 5 0 . 5 6 0 0 . 5 0 6 0 . 4 7 1
B ( D ) 0 . 806 0 . 7 8 8 0 . 7 9 0 0 . 7 5 3 0 . 7 4 0 0 . 7 1 8 0 . 7 0 5
0 ( h ) 0 . 2 9 2 0 . 2 5 4 0 . 2 4 5 - -
0 ( D ) 0 . 3 1 2 0 . 3 0 8 0 . 2 8 4 ... - -
Z f  DC
i n s 9 . 0 5 9 . 1 8 9 . 4 9 9 . 8 0 1 0 . 0 5 1 0 . 3 2 1 0 . 5 9
L DC i n s . l i q u 6 . 5 7 6 . 7 5 6 . 9 4 7 . 2 3 7 . 7 0 7 . 8 8 8 . 3 3
h U F i n s . w a t e r 0 . 3 3 0 . 3 3 0 . 3 3 0 . 3 3 0 . 3 3 0 . 3 3 0 . 3 3
h B U i n s . w a t e r 0 . 2 1 0 . 2 1 0 . 2 1 0 . 2 1 0 . 2 1 0 . 2 1 0 . 2 1
ZD L P i n s . l i q u . 3 . 7 2 3 . 4 0 3 . 6 5 3 . 6 8 3 . 6 8 3 . 7 2 3 . 7 1
L ? DP i n s . l i q u 6 . 7 4 6 . 5 5 6 . 9 4 7 . 2 8 7 . 6 1 7 . 9 5 8 . 3 6
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TABLE 6
AIR-AQUEOUS GLYCEROL SYSTEM WITH NO MASS TRANSFER
WEIR HEIGHT -2" LIQUID RATE - 24.95 gall/min
E X P E R I M E N T 7 . 1
-...................i
7 . 2 7 . 3 7 . 4  j ....1 , 5  .. . J \ 6  ....
*—-------------
i
. _ . 7 V L  !
i
F
4*------L--u
1 . 0 1 . 2
- ....-■
1 . 4 1 . 6 1 . 8 2 . 0
j
2 . 2
h D P
i n s . w a t e r 0 . 7 0 1 . 0 6 1 . 4 4 1 . 8 7 2 . 3 4 2 . 8 7 3 . 4 6
il™
T
i n s . w a t e r 3 . 0 2 3 . 1 7 3 . 3 7 3 . 6 5 4 . 0 7 4 , 4 2 4 . 8 8
z f
i n s 6 . 3 3 6 . 7 2 6 . 9 7 7 . 4 4 - - -
Z DWT i n s . w a t e r 2 . 2 6 2 . 1 8 2 . 1 0 1 . 9 8 1 . 8 5 1 . 7 5 1 . 6 9
Z D B Z
i n s . w a t e r 2 . 0 8 1 . 9 8 1 . 8 8 1 . 7 2 1 . 5 5 1 . 4 1 1 . 3 5
Z M
i n s . w a t e r 0 . 0 6 0 . 0 8 0 . 1 2 0 . 1 4 0 . 1 9 0 . 2 3 0 . 2 8
Z C ( D ) i n s , w a t e r 2 . 3 2 2 . 2 6 2 . 2 2 2 . 1 2 2 . 0 4 1 . 9 8 i . 9 7
z c ( h ) i n s . w a t e r 2 . 0 9 1 . 8 8 1 . 7 0 1 . 5 5 1 . 5 0 1 , 3 2 1 , 1 9
Z
OW
i n s . 0 . 8 8 0 . 8 8 0 . 8 8 0 . 8 8 0 . 8 8 0 . 8 8 Q .  88
Z C ( F ) i n s . w a t e r 2 . 8 8 2 . 8 8 2 . 8 8 2 . 8 8 2 . 8 8 2 . 8 8 2 . 8 8
5 L s e c s 6 . 3 0 6 . 3 8 6 . 3 3 6 . 3 2 6 . 3 1 6 . 3 2 6: .  19
Z c ( t ) f t 3 0 . 4 2 1 0 . 4 2 6 0 . 4 2 3 0 . 4 2 3 0 . 4 2 2 0 . 4 2 2 0 . 4 1 3
B ( h ) 0 . 7 2 6 0 . 6 5 3 0 , 5 9 0 0 . 5 3 8 0 . 5 2 1 0 . 4 5 9 0 . 4 1 3
B ( D ) 0 . 8 0 5 O . 7 8 5 0 . 7 7 0 0 . 7 3 6 O . 709 0 . 6 8 8 0 , 6 8 5
♦ ( h ) 0 . 2 9 0 0 . 2 4 6 0 . 2 1 4 0 , 1 8 3 . - -
♦ ( D ) 0 . 3 2 2 0 , 2 9 2 0 . 2 7 9 0 . 2 3 4 - ...
7.
f  DC
i n s . 7 . 4 8 7 . 8 5 8 , 2 2 8 . 5 0 8 . 8 5 8 . 9 2 9 . 2 5
l d c
i n s . l i q u 5 . 9 5 6 . 0 7 6 . 3 6 6 . 6 6 6 . 9 6 7 . 2 3 7 . 7 0
h U F i n s . w a t e r 0 . 2 8 0 . 2 8 0 . 2 8 0 . 2 8 0 . 2 8 0 . 2 8 0 . 2 8
h B U
i n s . w a t e r 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1
Z D L P
i n s . l i q u 3 . 2 6 3 . 3 8 3 - 3 8 3 . 4 0 3 . 3 8 3 . 3 7 3 . 3 8
l ' d p i n s . l i q u 6 . 0 6 6 . 3 3 6 . 5 1 6 . 6 7 7 . 1 2 7 . 4 0 7 . 8 3
-  2 9 0  -  
T A B L E  7
A I R - A Q U E O U S  G L Y C E R O L  S Y S T E M  W I T H  NO M A S S  T R A N S F E R  
W E I R  H E I G H T  - 2 "  L I Q U I D  R A T E  -  1 2 . 4 8  g a l l / m i n
E X P E R I M E N T 8 . 1 8 . 2 8 . 3 8 . 4 8 . 5 8 . 6 _ j 8
F
A
1 . 0 1 . 2 1 . 4 1 . 6 1 . 8 2 . 0 2 . 2
h D P i n s . w a t e r 0 , 7 0 1 . 06 1 . 4 4 1 , 8 7 2 . 3 4 2 . 87 3 . 4 6
h T i n s . w a t e r 2 . 7 0 2 . 8 9 3 , 1 1 3 . 4 0 3 . 8 0 4 . 1 5 4 . 5 5
Z f
i n s . 5 . 7 5 5 . 9 7 6 . 3 9 6 . 7 2 7 . 0 8 7 . 4 3 -
Z DWT i n s . w a t e r 2 . 0 0 1 . 9 2 1 . 8 5 1 . 7 1 1 . 6 2 1 . 4 7 1 . 3 1
Z D B Z i n s . w a t e r 1 . 8 4 1 . 7 5 1 . 6 7 1 . 49 1 . 3 7 1 . 1 8 0 . 9 9
7
M
i n s . w a t e r 0 . 06 0 , 0 8 0 . 1 2 0 . 1 4 0 . 1 9 0 . 2 3 0 . 2 8
Z q ( D ) i n s . w a t e r 2 . 0 6 2 . 0 0 1 . 9 7 1 . 8 5 1 . 8 1 1 . 7 0 1 . 5 9
Z c ( h ) i n s . w a t e r 1 . 7 7 1 . 6 0 1 . 4 4 1 . 3 0 1 . 2 3 1 . 0 5 0 , 8 6
z
o w
i n s . 0 . 5 6 0 . 5 6 0 . 5 6 0 . 5 6 O . 56 0 . 5 6 0 , 5 6
z c ( p )
i n s . w a t e r ' 2 . 5 6 2 . 5 6 2 . 5 6 2 , 5 6 2 . 5 6 2 . 56 2 . 5 6
e l
s e c s i o . 0 0 1 0 . 1 3 1 0 . 1 5 1 0 . 1 3 1 0 . 2 1 1 0 . 2 0 1 0 . 3 8
Z Q ( t ) f t 3 0 . 3 3 4 0 . 3 3 6
1
0 . 3 3 9 0 . 3 3 9 0 . 3 4 2 0 . 3 4 1 0 . 3 5 0
B ( h ) 0 . 6 9 0 0 . 6 2 5 0 . 5 6 2 0 . 5 0 9 0 , 4 8 0 0 . 4 1 0 0 . 3 3 6
B ( D ) 0 . 8 0 5 0 , 7 8 1 0 . 7 7 0 0 . 7 2 3 0 . 7 0 7 0 . 665 0 . 6 2 1
♦ ( h ) 0 . 2 7 0 0 . 2 3 5 0 . 1 9 8 0 . 1 7 0 0 . 1 5 2 0 . 1 2 4
♦ ( D ) 0 . 3 1 4 0 . 2 9 4 0 . 2 7 0 0 . 2 2 3 0 . 2 2 4 0 . 2 0 0
Z f  DC
i n s 6 . 3 0 6 . 5 7 6 . 7 8 7 . 2 0 7 . 3 8 7 . 6 5 8 . 0 0
l d c
i n s . l i q u i 5 . 3 0 5 . 4 4 5 . 7 5 5 . 8 5 6 . 0 6 6 . 7 9 6 .99
h U F
i n s . w a t e r . 0 . 2 4 0 , 2 4 0 . 2 4 0 . 2 4 0 . 2 4 0 . 2 4 0 2 4
h B U
i n s . w a t e r ... - -
Z D L P i n s . l i q u 2 . 9 5 3 . 0 7 3 . 0 4 3 . 0 0 2 . 9 6 2 .1 9 7 2 8 8
l ’ d p
i n s . l i q u . 5 . 5 3 5 . 8 2 5 . 9 8 6 . 2 0 6 . 5 1 6  • 8 3 7 0 8
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T A B L E  8 .  .
A I R - A Q U E O U S  G L Y C E R O L  S Y S T E M  W I T H  NO M A S S  T R A N S F E R .  
W E I R  H E I G H T  5 "  A I R  F L O W  2 2 4 f t 3 / m i n  F ^ - F A C T O R  1 . 0 .
E X P E R I M E N T
J L L .....
9 . 2 9 . 3 9 . 4 J 9 U 5  .......
L
i
g a l l / m i n 4 1 . 7 3 7 . 6
f....... .......
3 3 . 4 2 9 . 2 2 5 . 0
h DP
; i n s  . w a t e r 0 . 7 0 0 . 7 0 0 . 7 0 0 . 7 0 0 . 7 0
| h T
’ m
' m s  . w a t e r 5 . 5 0 5 . 3 5 5 . 2 2 5 . 0 9 4 . 9 2  j
j Z f
i n s . 9 . 7 3 9 . 7 0 9 . 3 3 9 . 1 5
j
8 . 8 8
■ Z DWT
i n s . w a t e r 4 . 5 1 4 . 4 1 4 . 2 9 4 . 1 9 3 . 9 9
| Z D B Z
i n s . w a t e r 4 . 3 1 4 . 2 2 4 . 0 9
.
3 - 9 3 3 . 7 8
i 7,
| M
i n s . w a t e r 0 . 0 6 0 . 0  6 0 . 0 6 0 . 0 6 0 . 0 6
j Zc  ( D ) i n s . w a t e r 4 . 5 7 4 . 4 7 4 . 3 5 I f . 2 5 4 . 0 5
I j
! ZG ( h ) j  i n s  . w a t e r 4 . 5 7 4 . 4 2 4 . 2 9 4 . 1 6 3 . 9 9
z o w
i n s . 1 . 2 5 1 . 1 6 1 . 0 7 0 . 9 8 0 . 8 8
Zc  ( F ) i n s . w a t e r 6 . 2 5 6 . 1 6 6 . 0 7 5 . 9 8 5 . 8 8
X s e c . 6 . 3 3 6 . 8 1 7 - 6 7 9 . 2 9
Zc  ( t ) f t 3 0 . 6 3 8 0 . 6 0 6 0 . 5 9 8 0 . 6 2 0
B ( h ) 0 . 7 3 1 0 . 6 9 9 0 . 7 0 5 0 . 6 9 6 0 . 6 7 9
B ( D ) 0 . 7 3 1 0 . 7 2 5 0 . 7 1 6 0 . 7 1 0 O . 689
4 > ( h ) 0 . 4 1 2 0 . 4 0 0 0 . 4 0 3 0 . 4 0 0 0 . 3 9 4
(  D ) 0 . 4 1 2 0 . 4 0 5 0 . 4 0 8 0 . 4 0 7 0 . 4 0 0
Z f D C
i n s . 1 0 . 2 8 1 0 . 2 0 9 . 9 0 9 . 8 0 9 . 7 3
l d c
i n s . l i q u . 8 . 5 2 8 . 3 0 8 . 0 5 7 . 8 4 7 . 6 6
h U P
i n s . w a t e r 0 . 3 5 0 . 3 3 0 . 3 1 0 . 3 0 0 . 2 8
h B U i n s . w a t e r 0 . 2 4 0 . 2 2 0 . 1 9 0 . 1 6 0 . 1
Z D L P
i n s . l i q u . 3 . 5 5 3 .  5 0 3 . 4 2 3 . 3 5 3 . 3 0
i
^
i 
^
i n s . l i q u . 8 . 4 7 8 . 3 1 8 . 1 0 7 . 9 4 7 . 7 8
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TABLE 8; (continued)
AIR-AQUEOUS GLYCEROL SYSTEM WITH NO MASS TRANSFER
WE±R HEIGHT 5” AIR FLOW 224ft3/min F^-FACTOR 1.0
E X P E R I M E N T
± * z
9 . 7 9 . 8
H L .
9 . 1 0
L g a l l / m i n 2 0 . 8 1 6 . 7 1 2 . 5 • 8 . 4 4 . 2
h DP
i n s . w a t e r 0 . 7 0 0 .  7 0 0 . 7 0 0 . 7 0 0 . 7 0
*
h T i n s . w a t e r 4 . 8 1 4 . 6 8 4 . 4 0 4 . 2 6 4 . 0 8  |
Z f
i n s . 8 . 5 9 8 .  4 5 8 . 3 4 7 . 3 2 . 7 . 5 1
Z DWT
i n s . w a t e r 3 . 8 2 3 . 6 9 3 . 5 0 3 . 2 9 3 . 2 9
Z D B Z
i n s . w a t e r 3 - 5 8 3 . 4 6 3 . 2 8 3. 0 8 2 . 8 0
Z M i n s . w a t e r 0 . 0 6 0 . 0 6 0 . 0 6 0 . 0 6 0 . 0 6
Z.C ( D ) i n s . w a t e r 3 . 8 8 3 . 7 5 3 . 5 6 3 . 3 5 3 . 0 5
Z c ( h )
:
i n s . w a t e r 3 . 8 8 3 . 7 5 3 . 4 ? 3 - 3 3 3 . 1 5
<7
Z 0 W
i n s . 0 . 7 9 0 . 6 7 0 . 5 6 0 . 3 6 0 . 2 7
Z c ( F ) j i n s  . w a t e r 5 . 7 9 5 . 6 7 5 . 5 6 5 . 3 6 5 . 2 7
'CL
s e c . 1 0 . 4 2 1 3 . 3 6 1 6 . 5 4 2 3 . 8 8 L 7 . 3 3
z G ( t ) f t 3 0 . 5 8 0 0 . 5 9 5 0 . 5 5 2 0 . 5 3 2 0 .  5 3 5
B ( h ) 0 . 6 7 0 0 . 6 6 0 0 . 6 2 3 0 . 6 2 0 0 . 5 9 7
B ( D ) 0 . 6 - 7 0 0 . 6 5 0 0 . 6 4 0 0 . 6 2 4 0 . 5 7 8
♦ ( h ) 0 . 3 9 2 0 . 3 9 0 0 . 3 6 4 0 . 3 7 4 0 . 3 6 7
♦ ( D ) 0 . 3 9 6 0 . 3 8 9 0 . 3 7 4 0 . 3 7 6 0 . 3 5 6
Z f D C
i n s . 9 . 3 9 8 . 8 0 8 . 5 8 8 . 1 3 7 . 6 0
l d c
i n s . l i q u 7 . 4 3 7 . 2 3 6 . 9 9 6 . 7 0 6 . 4 6
h U F
i n s . w a t e r 0 . 2 7 0 . 2 5 0 . 2 4 0 . 2 2 0 . 2 1
h
n B U
i n s . w a t e r - - - - -
Z D L P
i n s . l i q u 3 . 1 8 3 . 0 4 2 . 9 0 2 . 7 7 2 . 5 5
l 1 d p
i n s . l i q u 7 . 6 5 7 . 3 7  
. . . . . . ___
6 . 9 6 6 . 7 0 6 . 3 1
T A B L E  9 .
A I R - A Q U E O U S  G L Y C E R O L  S Y S T E M  W I T H  NO M A S S  T R A N S F E R  
W E I R  H E I G H T  5 n A I R  R A T E  3 3 5  f t 3 / m i n  F ^ - F A C T O R  1 . 5
to 293 -
| E X P E R I M E N T 1 0 . 1 1 0 . 2 1 0 . 3
----------~—
1 0 .  4 1 0 . 5
! L
.
g a l l / m i n 4 1 . 7 3 7 . 6 3 3 . 4 2 9 . 2 2 5 . 0
h DP i n s . w a t e r 1 , 6 6 1 . 6 6 1 . 6 6 1 . 6 6 1 . 6 6
h T
i n s . w a t e r 5 . 6 6 5 . 6 2 5 . 4 2 5 . 3 8 5 . 2 1
7
* f
i n s . 1 0 . 6 5 1 0 . 4 0 1 0 . 2 0 1 0 . 0 0 9 . 4 8
Z DWT m s .  w a t e r 4 . 0 5 3 . 9 2 3 . 8 1 3 . 6 9 3 . 5 5
Z D B Z
i n s . w a t e r 3 . 7 9 3 . 6 8 3 . 5 6 3 .  *12 3 . 2 7  j
r?
m s  . w a t e r 0 . 1 3 0 . 1 3 0 . 1 3 0 . 1 3 0 . 1 3
Zq  ( D ) j i n s . w a t e r 4 . 1 8 4 , 0 5 3 . 9 ^ 3 . 8 2 3 . 6 8
t
Zc  ( h ) j i n s  . w a t e r 3 . 7 7 3 . 7 3 3 . 5 3 3 . 4 9 3 . 3 2
2
Z OW
i n s . 1 . 2 5 1 . 1 6 1 . 0 7 0 . 9 8 0 . 8 8
Zc  ( F ) i n s . w a t e r 6 . 2 5 6 . 1 6 6 . 0 7 5 . 9 8 5 . 8 8
X.
% s e c s — 6 . 3 8 6 . 8 6 7 . 9 5 8 . 7 3
Zc  f t ) f t 3 - 0 . 6 4 1 0 . 6 1 3 0 . 6 2 0 0 . 5 8 2
B ( h ) 0 . 6 0 4 0 . 6 0 5 0 . 5 8 1 0 . 5 8 4 0 . 5 6 5
B ( D ) 0 . 6 7 0 0 . 6 5 6 0 . 6 4 9 0 . 6 3 9 0 . 6 2 5
0 ( h ) 0 . 3 1 0 0 . 3 1 4 0 . 3 0 4 0 . 3 0 6 0 . 3 0 7
0 ( D ) 0 .  3 4 4 0 . 3 4 2 0 . 3 3 9 0 . 3 3 5 0 . 3 4 0
Z f D C
i n s . 1 1 . 2 0 1 0 . 9 8 1 0 . 7 8 1 0 . 4 5 1 0 . 1 5
l d c
i n s . l i q u 8 . 7 6 8 . 4 8 8 . 2 8 8 . 1 2 7 . 9 0
h U F
i n s  . w a t e r 5 0 . 3 5 0 . 3 3 0 . 3 1 0 . 3 0 0 . 2 8
h B U i n s . w a t e r 0 . 2 3 0 . 2 1 0 .  2 0 0 . 1 6 0 . 1 2
Z D L P
i n s . l i q u 3 . 5 1 3 . 4 6 3 .  4 4 3 . 3 8 3 . 2 8
l 1d p i n s . l i q u 8 . 5 8 8 . 5 0 8 . 2 9 8 . 2 2 8 . 0 0
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TABLE 9« (continued)
AIR-AQUEOUS GLYCEROL SYSTEM WITH NO MASS TRANSFER
WEIR HEIGHT 5” AIR RATE 335 ft3/min F^-FACTOR 1.5.
E X P E R I M E N T 1 0 . 6 1 0 . 7 1 0 . 8 2 A * J L _ 1 0 . 1 0
L g a l l / m i n 2 0 . 8 1 6 . 7 1 2 . 5 8 . 4 4 . 2
h DP
i n s . w a t e r 1 . 6 6 1 . 6 6 1 . 6 6 1 . 6 6 1 . 6 6
h T
i n s . w a t e r 5 . 1 0 4 . 8 8 4 . 7 6 4 . 7 2 4 . 5 2
Z f i n s . 9 . 2 5 9 . 0 3 8 . 8 3 8 . 4 0 8 . 1 3
ZDWT
i n s . w a t e r 3 . 3 8 3 . 3 5 3 . 1 5 2 . 9 3 2 . 6 6
Z D BZ
i n s . w a t e r 3 . 0 9 3 . 0 9 2 . 8 8 2 . 6 7 2 . 4 0
Z M
i n s . w a t e r 0 . 1 3 0 . 1 3 0 . 1 3 0 . 1 3 0 . 1 3
Z C ( D ) i n s . w a t e r 3 . 5 1 3 . 4 8 3 . 2 8 3 . 0 6 2 . 7 9
. Z c ( h ) i n s . w a t e r . 3 .  2 1 2 . 9 9 2 . 8 7 2 . 8 3 2 . 6 3
Z OW
i n s . 0 . 7 9 0 . 6 ? 0 . 5 6 0 . 3 6 0 . 2 7
Z C ( P ) i n s . w a t e r 5 . 7 9 5 . 6 7 5 . 5 6 5 . 3 6 5 . 2 7
l L
s e c s 1 0 . 8 7 1 2 . 2 4 1 6 . 4 6 2 3 . 8 2 4 6 . 5 8
z 0 ( t ) f t 3 0 . 6 0 5 0 . 5 4 6 0 . 5 5 0 0 . 5 5 6 0 . 5 2 6
B ( h ) 0 . 5 5 5 0 . 5 2 6 0 . 5 2 0 0 . 5 2 8 0 . 5 0 0
B ( D ) 0 . 6 0 6 0 . 6 1 6 0 . 5 9 0 0 . 5 7 0 0 , 5 3 0  j
0 ( h ) 0 .  3 0 4 0 . 2 9 0 0 . 2 8 5 0 . 2 9 6 0 . 2 8 4
0 ( D ) 0 . 3 3 2 0 .  3 3 8 0 . 3 2 6 0 . 3 2 0 0 . 3 0 1
Z f D C
i n s . 9 . 6 8 9 . 1 3 8 . 7 0 8 . 2 8 7 . 8 5
l d c
i n s . l i q u . 7 . 7 0 7 . 5 0 7 . 2 0 7 . 0 0 6 . 6 8
h U F
i n s . w a t e r 0 . 2 7 0 . 2 5 0 . 2 4 0 . 2 2 0 . 2 1
h B U
i n s . w a t e r 0 . 1 - - - -
Z D L P
i n s . l i q u 3 . 1 6 3 . 0 9 2 . 9 2 2 . 6 9 2 . 4 5
l 1d p
i n s . l i q u . 7 - 9 5 7 . 5 9 7 . 3 1 7 . 0 3 6 . 6 1
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TABLE 10.
AIR-AQUEOUS GLYCEROL SYSTEM WITH NO MASS TRANSFER
WEIR HEIGHT 5n AIR RATE 446 ft3/min F^-FACTOR 2.0.
E X P E R I M E N T ' 1 1 . 1 1 1 . 2 1 1 . 3 1 1 . 4 1 1 . 5
L g a l l / m i n 4 1 . 7  1 3 7 . 6 3 3 - 4 2 9 . 2 2 5 . 0
h DP
i n s . w a t e r 2 .  8 7 2 . 8 7 2 , 8 7 2 . 8 7 2 . 8 7
Hip i n s . w a t e r 6 . 4 6 6 . 2 8  . 6 . 2 2 6 . 1 0 6 . 0 0
Z f i n s . 1 1 . 7 2 1 1 . 4 5 1 0 . 9 3 1 0 . 7 3 1 0 . 4 7
Z DWT
i n s . w a t e r 3 . 6 9 3 . 6 4 3 . 5 2 3 . 4 1 3 . 2 9
ZD B Z i n s . w a t e r 3 . 4 0 3 . 3 5 3 . 2 2 3 . 1 0 2 . 9 7
Z M
i n s . w a t e r 0 . 2 3 0 . 2 3 0 . 2 3 0 . 2 3 0 . 2 3
Z C ( D ) i n s . w a t e r 3 . 9 2 3 . 8 7 3 . 7 5 3 . 6 4 3 . 5 2
Z 0 ( h ) i n s . w a t e r 3 . 3 6 3 . 1 8 3 . 1 2 3 . 0 0 2 . 9 0
z o w
i n s . 1 . 2 5 1 . 1 6 1 . 0 7 0 . 9 8 0 . 8 8
Z C ( F ) i n s . w a t e r 6 . 2 5 6 . 1 6 6 . 0 7 5 . 9 8 5 . 8 8
^ L
s e c s to 6 . 3 3 6 . 9 3 7 . 9 5 9 . 1 0
z e ( t ) f t 3 - 0 . 6 3 7 0 . 6 1 8 0 . 6 2 0 0 . 6 0 8
B ( h ) 0 .  5 3 8 0 . 5 1 5 0 . 5 1 4 0 . 5 0 1 0 . 4 9 3
B ( D ) 0 . 6 2 7 0 , 6 2 7 0 . 6 1 8 0 . 6 1 0 0 . 6 0 0
♦ ( h ) 0 . 2 5 1 0 . 2 4 4 0 . 2 5 0 0 . 2 4 5 0 . 2 4 3
♦ ( D ) 0 .  2 9 4 0 . 2 9 7 0 . 3 0 1 0 . 2 9 8 0 . 2 9 5
Z f D C
i n s 1 2 . 1 5 1 1 . 8 3 1 1 . 6 5 1 1 . 3 0 1 1 . 2 0
l d c
i n s . l i q u 9 . 4 6 9 . 3 0 9 . 0 6 8 . 8 2 8 . 6 8
h U F
i n s . w a t e r 0 , 3 5 0 . 3 3 0 . 3 1 0 . 3 0 0 . 2 8
h B U
i n s . w a t e r 0 . 2 4 0 . 2 0 0 . 1 8 - 0 . 1 6 0 . 1 2
Z D L P
i n s . l i q u 3 . 6 0 3 . 5 0 3 . 4 6 3 . 3 7 3 . 2 9
t 1
E  Dp i n s . l i q u 9 . 3 5 9 . 1 2 9 . 0 4 8 . 8 4 8 . 7 0
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TABLE 10♦ (continued)
AIR-AQUEOUS GLYCEROL SYSTEM WITH NO MASS TRANSFER
WEIR HEIGHT 5n AIR RATE 446 ft3/min F -FACTOR 2.0
E X P E R I M E N T 1 1 . 6 1 1 . 7 1 1 , 8 1 1 . 9 1 1 . 1 0
L g a l l / m i n 2 0 . 8 1 6 . 7 1 2 . 5 8 . 4 4 . 2
h DP
i n s . w a t e r 2 . 8 ? 2 . 8 7 2 . 8 7 2 . 8 7 2 . 8 7
hrp i n s . w a t e r 5 . 9 0 5 . 7 3 5 . 5 5 5 . 3 7 5 . 3 0
z f i n s . 1 0 .  4 6 1 0 . 1 3 9 - 7 3 9 . 5 5 9 . 0 2
Z DWT
i n s . w a t e r 3 . 1 6 3 . 0 0 2 . 8 6 2 . 6 3 2 , 5 1
Z D B Z
i n s  . w a t e r 2 . 8 4 2 . 6 9 2 . 5 5 2 . 3 2 2 . 0 0
Z M
i n s . w a t e r 0 . 2 3 0 . 2 3 0 . 2 3 0 . 2 3 0 . 2 3
Z C ( D ) i n s . w a t e r 3 . 3 9 3 . 2 3 3 . 0 9 2 . 8 6 2 . 7 4
z c ( h ) i n s . w a t e r 2 . 8 0 2 . 6 3 2 . 4 5 2 . 2 7 2 . 2 0
z o w
i n s . 0 . 7 9 0 . 6 7 0 . 5 6 0 . 3 6 0 . 2 7
Z 0 ( P ) i n s . w a t e r 5 . 7 9 5 . 6 7 5 . 5 6 5 . 3 6 5 . 2 7
h
s e c s . 1 0 . 4 0 1 3 . 3 5 1 5 . 7 7 2 3 . 8 4 5 . 2 3
Z c ( t ) f t 3 0 .  5 7 $ 0 . 5 9 6 0 . 5 2 6 0 . 5 5 5 0 . 5 H
B ( h ) 0 . 4 8 4 0 .  4 5 6 0 . 4 4 0 0 . 4 2 3 0 . 4 1 7
B  ( D ) 0 . 5 8 5 0 . 5 7 0 0 . 5 5 5 0 . 5 3 3 0 , 5 2 0
<l >( h) 0 . 2 3 ^ 0 . 2 2 8 0 . 2 2 1 0 . 2 0 8 0 . 2 1 4
♦ ( D ) 0 . 2 8 * 0 . 2 7 9 0 . 2 7 8 0 . 2 6 3 0 .  2 6 6
Z f D C
i n s . 1 0 . 7 8 1 0 . 1 4 9 . 4 8 8 . 8 8 8 . 3 0
T.
DC
i n s . l i q u 8 . 3 8 8 . 1 5 7 . 9 6 7 . 5 7 7 . 0 5
h U F
i n s . w a t e r 0 . 2 7 0 , 2 5 0 . 2 4 0 . 2 2 0 . 2 1
? B U
i n s . w a t e r 0 . 1 - - - -
Z D L P
i n s . l i q u 3 . 1 7 3 . 0 2 2 . 8 6 2 . 6 2 2 . 3 0
T *
F  DP i n s . l i q u 8 . 5 0 8 . 2 6 7 . 9 4 7 . 5 3 7 . 1 3
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TABLE 11
AIR-AQUEOUS GLYCEROL SYSTEM WITH NO MASS TRANSFER
WEIR HEIGHT -5” LIQUID RATE ~ 37.45 gall/min
E X P E R I M E N T 1 2 . 1 1 2 . 2
-  ' **— w—“ i
1 2 . 3 1 2 . 4 1 2 . 5 1 2 . 6
---------  (
i
, I 2 u l  - J
f a
1 . 0 1 . 2 1 . 4 1 . 6 1 . 8 2 . 0 "
I
2 . 2  !?
h DP
i n s . w a t e r 0 . 7 0 1 . 0 6 1 . 4 4 1 . 8 7 2 . 3 4 2 . 8 7 3 . ^ 6
h T i n s . w a t e r 5 . 3 3 5 . 4 1 5 . 5 2 5 . 6 9 5 . 9 5 6 . 3 5 6 . 7 9
Z f
i n s . 9 . 5 1 9 . 8 0 1 0 . 0 5 1 0 . 4 0 1 0 . 9 2 1 1 . 4 6 1 1 , 7 8
Z DWT
i n s . w a t e r 4 . 3 6 4 . 1 5 3 . 9 8 3. 86 3 . 7 1 3 . 5 3 3 . 5 6
Z D B Z
i n s . w a t e r 4 . 1 6 3 . 9 3 3 . 7 4 3 . 6 0 3 . 4 4 3 . 2 2 3 . 2 8
%
i n s . w a t e r G . 06 0 . 0 8 0 . 1 2 0 . 1 4 0 . 1 9 0 . 2 3 0 . 2 8
z c ( D )
i n s . w a t e r 4 . 4 2 4 . 2 3 4 . 1 0 4 . 0 0 3 . 9 0 3 . 7 6 3 . 8 4
Z c ( h ) i n s . w a t e r 4 . 4 0 4 . 1 2 3 .  85 3 . 5 9 3 . 3 8 3 . 2 5 3 * 1 0
z , , T
*j W
i n s . 1 . 1 6 1 . 1 6 1 . 1 6 1 . 1 6 1 . 1 6 1 . 1 6 1 . 1 6
Z C ( F ) i n s . w a t e r 6 . 1 6 6 . 1 6 6 . 1 6 6 . 1 6 6 . 1 6 6 . 1 6 6 , 1 6
b L s e c s 6 . 2 1 6 . 2 3 6 . 6 3 6 . 0 9 6 . 2 0 6 . 0 9 6 . 5 8
z c ( t ) f t 3 0 . 6 2 5 0 . 6 2 6 0 . 6 6 6 0 . 6 1 1 0 . 6 2 4 0 . 6 1 1 0 . 6 6 2
B ( h ) 0 . 7 1 4 O .669 0 . 6 2 5 0 . 5 8 2 0 . 5 4 9 0 , 5 2 7 0 . 5 0 3
B ( D ) 0 . 7 1 7 0 . 6 8 6 0 , 6 6 5 O . 650 0 . 6 3 3 0 . 6 1 0 0 . 6 2 4
0 ( h ) 0 . 4 0 5 0 . 3 6 9 0 . 3 3 6 0 . 3 0 2 0 . 2 7 1 0 , 2 4 8 0 . 2 3 1
0 ( D ) 0 . 4 0 6 0 . 3 7 8 0 . 3 5 7 0 . 3 3 7 0 . 3 1 2 0 . 2 8 8 0 . 2 8 6
Z f D C
i n s . 1 0 , 2 3 1 0 . 6 8 1 1 . 1 0 1 1 . 4 3 1 1 . 8 0 1 2 . 1 0 1 2 . 5 0
l d c
i n s . l i q u . 8 , 2 1 8 . 2 0 8 . 3 2 8 . 4 6 8 . 7 4 9 . 2 7 9 . 7 0
h U F
i n s . w a t e r 0 . 3 3 0 . 3 3 0 . 3 3 0 . 3 3 0 . 3 3 0 , 3 3 0 . 3 3
h B U
i n s . w a t e r 0 . 2 1 0 . 2 1 0 , 2 1 0 . 2 1 0 . 2 1 0 . 2 1 0 . 2 1
Z D L P
i n s . l i q u i d 3 . 4 4 3 . 4 5 3 . 4 5 3 . 4 4 3 . 4 5 3 . 4 5 3 . 4 5
™ P 6 ..
i n s . l i q u i d 8 . 2 2 8 . 3 1 8 . 4 1 8 . 5 3  
—  ..........
8 . 7 7 | 9 . 1 4 9 . 5 1
-  2 9 8  -  
T A B L E  1 2
A I R - A Q U E O U S  G L Y C E R O L  S Y S T E M  W I T H  NO M A S S  T R A N S F E R  
W E I R  H E I G H T  - 5 ” L I Q U I D  R A T E  -  2 4 . 9 5  g a l l / m i n .
E X P E R I M E N T 1 3 . 1 1 3 . 2 1 3 . 3 1 3 . 4 1 3 . 5
r
a
tt 
ffN 
] 
1—
f 1 3 , 7  j
F „
A
1 . 0 1 . 2 1 . 4 1 . 6 1 . 8 2 . 0 2 . 2  !1
h DP
i n s . w a t e r 0 . 7 0 1 . 0 6 1 . 4 4
'
1 . 8 7 2 . 3 4 2 , 8 7 2 + 6  |
^ T i n s . w a t e r 4 , 9 2 4 . 9 7 5 . 1 1 5 , 3 4 5 . 6 7 6 . 0 3 6 . 5 3  j
Z f
i n s » 8 . 9 5 9 . 2 1 9 . 5 2 9 . 8 0 1 0 . 3 6 1 0 . 6 5 1 1 . 2 4  j
ZDWT
i n s . w a t e r 4 . 1 0 4 . 0 4 3 . 7 5 3 . 6 1 3 . 4 8 3 . 3 6 3 . 1 8  j
Z D B Z
i n s . w a t e r 3 . 9 0 3 . 6 8 3 , 5 0 3 . 3 4 3 . 1 9 3. 06 2 . 8 5  j
i
Z M
i n s . w a t e r 0 , 06 0 . 0 8 0 . 1 2 0 . 1 4 0 . 1 9 0 . 2 3 0 , 2 8  !
Z ,., ( D ) L n s . w a t e r 4 . 16 4 . 1 2 3 . 8 7 3 . 7 5 3 . 6 7 3 . 5 9 3 . 4 6
z c C h )
i n s . w a t e r 3 . 9 9 3 , 6 8 3 . 4 4 3 . 2 4 3 . 1 0 2 . 9 3 2 . 8 4
Z OVI i n s . 0 .88 0 . 0 8 0 . 0 8 0 . 88 0 , 8 8 0 , 88 0 . 88
Z C ( F ) L n s . w a t e r 5 .88 5 . 8 8 5 . 8 8 5 . 88 5 . 8 8 5 . 8 8 5 . 8 8
f t]
s e c s 9 . 3 2 9 . 4 0 9 . 4 4 9 . 7 0 9 . 9 2 9 . 5 3 9 . 7 6
Z c ( t ) r t 3 0 . 6 2 3 0 , 6 2 8 0 , 6 3 0 0 . 6 4 8 O . 66 3 0 . 6 3 6 0 . 6 5 3
B ( h ) 0 . 6 7 9 0 . 6 6 0 0 . 5 8 5 0 . 5 5 0 0 . 5 2 7 0 . 4 9 8 0 . 4 8 3
B ( D ) 0 . 7 0 9 0 , 7 0 0 0 . 6 5 7 O . 638 0 . 6 2 5 0 . 6 1 0 0 . 5 8 8
♦ ( h ) 0 . 3 9 1 0 . 3 5 0 0 . 3 1 7 0 . 2 9 0 0 . 2 8 2 0 , 2 4 2 0 . 2 1 8
♦ ( D ) 0 . 4 0 8 0 . 3 9 2 0 . 3 5 6 0 . 3 3 6 0 . 3 1 1 0 . 2 9 6 0 . 2 7 0
Z f  DC
i n s . 9 . 8 0 9 . 9 5 9 . 9 5 1 0 . 2 0 1 0 . 6 3 1 1 . 0 0 1 1 . 4 3
l d c
i n s . l i q u . n1 . 62 7 . 7 5 7 . 9 0 8 . 1 2 8 , 4 1 8 . 7 2 1 9 . 1 5
h U F i n s . w a t e r
0 . 2 8 0 . 2 8 0 , 2 8 0 . 2 8 0 . 2 8 0 . 2 8 0 . 2 8
h B U i n s . w a t e r
U 1 1 0 . 1 1 0 . 1 1 0 . 1 1 0 , 1 1 0 . 1 1 0 . 1 1
ZD L P i n s . l i q u . 3 . 3 5 3 . 3 6 3 » 3 8 3 . 3 3 3 . 3 3 3 . 3 4 3 . 3 1
L  *^  D P i n s . l i q u 7 . 8 2 7 . 9 5 8 . 0 1 8 . 1 7 8 . 4 5 8 . 7 7 9 . 1 7
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T A B L E  1 3 .
A I R - A Q U E O U S  G L Y C E R O L  S Y S T E M  W I T H  NO M A S S  T R A N S F E R  
W E I R  H E I G H T  -  5 ” L I Q U I D  R A T E  -  1 2 . 4 8  g a l l / m i n .
E X P E R I M E N T 1 4 . 1 1 4 . 2
! 
i
\ 
K 
* 
= 
!
3
. ..
1 4 4 1 4 . 5 1 4 . 6 1 4 .
i
7  i.... Jt
f a
r ~
1 . 0 1 . 2 1 . 4 1 . 6 1 . 8 2 . 0 2 . 2
h DP
i n s . w a t e r 0 . 7 0 1 . 0 6 1 . 4 4 1 . 8 7 2 . 3 4 2 . 8 7 3 . 4 6
h T i n s . w a t e r 4 . 4 1 4 . 4 6 4 . 6 7 4 . 9 3 5 . 2 1 5 . 5 8 6 . 0 3
Z f
i n s • 8 . 3 4 8 . 6 8 8 . 9 6 9 . 1 0 9 . 5 0 9 - 8 5 1 0 . 4 0
ZDWT
i n s . w a t e r 3 . 5 9 3 . 3 9 3 . 2 3 3< 1 0 2 . 9 9 2 . 8 7 2 . 6 6
Z D B Z
i n s . w a t e r 3 . 3 8 3 . 1 6 2 . 9 8 2 . 8 2 2 . 6 8 2 . 5 5 2 . 3 2
ZM
i n s . w a t e r 0 . 0 6 0 . 0 8 0 . 1 2 0 . 1 4 0 . 1 9 0 . 2 3 0 . 2 8
Z C ( D ) i n s . w a t e r 3 . 6 5 3 . 4 7 3 . 3 5 3 . 2 4 3 . 1 8 3 . 1 0 2 . 9 4
Z c ( h ) i n s . w a t e r 3 . 4 8 3 . 1 7 3 . 0 0 2 . 8 3 2 . 6 4 2 . 4 8 2 . 3 4
Z OW
i n s • 0 . 5 6 0 . 5 6 0 . 5 6 0 . 5 6 0 . 5 6 0 . 5 6 Q . 5 6
Z C ( F ) i n s . w a t e r 5 . 5 6 5 . 5 6 5 . 5 6 5 6 5 . 5 6 5 . 5 6 5 . 56
\ s e c s . 1 7 . 1 2 1 6 . 7 7 1 6 . 8 4 1 7 . 0 4 1 7 . 1 5 1 7 . 0 1 1 7 . 6 9
z c ( t ) f t 3 0 . 5 7 2 0 . 5 6 0 0 . 5 6 3 0 , 5 6 9 0 . 5 7 2 0 . 5 6 9 0 . 5 9 0
B ( h ) 0 . 6 2 5 0 . 5 7 0 0 . 5 3 9 0 . 5 0 9 0 . 4 7 4 0 . 4 4 5 0 . 4 2 0
B ( D ) 0 . 6 5 5 0 . 6 2 3 0 . 6 0 1 0 . 5 8 2 0 . 5 7 1 0 . 5 5 6 Q . 528
0 ( h ) 0 . 3  6 6 0 . 320 0 , 2 9 4 0 , 2 7 2 0 . 2 4 4 0 . 2 2 1 0 . 1 9 8
0 ( D ) 0 . 3 8 4 0 . 3 5 0 0 . 328 0 3 1 2 0 . 2 9 3 0 . 2 7 6 0 , 2 4 8
Z f D C
i n s • 8 . 5 5 8 . 6 8 8 . 7 3 8 , 8 2 9 ° 2 0 9 . 5 5 . 9 . 7 8
l d c
i n s . l i q u . 7 . 0 5 7 . 2 8 7 . 3 0 7 . 5 5 7 . 7 0 7 . 9 5 8 . 2 3
h U F
i n s . w a t e r 0 . 2 4 0 . 2 4 0 . 2 4 0 , 2 4 0 . 2 4 0 . 2 4 0 . 2 4
h B U
i n s . w a t e r
Z D L P
i n s . l i q u . 2 . 9 6 2 . 9 8 2 . 9 6 2 9 5 2 . 9 0 2 . 8 8 2 . 8 0
l ’ d p
i n s . l i q u . 7 . 0 4 7 . 1 1 7 . 2 6 7 . 4 8 7 . 6 8 7 . 9 8 8 . 3 1
A I R - A Q U E O U S  G L Y C E R O L  S Y S T E M  
" D E S O R P T I O N  O F  O X Y G E N  W I T H  A I R '
W E I R  H E I G H T - 2 lf A I R  R A T E ~ 2 2 4 f t 3 / m i n  F ^  F A C T O R - l . O
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TABLE 14
! E X P E R I M E N T
.......  .......... ................. 1 6 . 1 1 6 . 2 1 6 , 3  . 1 6 . 4
! ; 
; l 6 . q
N g a l l / m i n 4 1 . 7
!
3 7 . 6 * 3 3 . 4 2 9 . 2 j 2 5 . 0
j h T
i n s . w a t e r 3 . 4 6 3 . 3 6
j
3 . 2 2 3 . 1 1 1 3 . 0 1
Z f  
1 1
.
m s . 7 . 3 0 7 . 2 1 6 . 8 3 6 . 5 1 i 6 . 3 0
4 1
z
t f  DC
i n s . 9 . 4 3 9 . 0 5 8 . 6 2 8 . 1 0 j 7 . 4 8
i
x .m % 6 4 . 9
6 8 . 4
i
6 4 . 9 6 9 . 2 ! 6 9 . 9
I
1 X *
i
% 2 4 . 0 2 4 . 0 2 4 . 0 2 4 . 0
1
’ 2 4 . 0
!
T R A Y  O N L Y
r
x o u t
% 5 5 . 6 5 7 . 3 5 3 . 4 5 4 . 1 ( 5 2 . 1
|
i
t S ML
cf
to 2 2 . 8 2 5 . 1 2 8 . 2 3 3 . 4 j 3 8 . 8  |
j ^ L
s e c 5 . 0 ? 5 . 2 3 5 . 5 6
i j 
5 6 . 3 0
f
T R A Y  P L U S  DOWNCOMER
|
x o u t % 4 7 . 2 4 7 . 9 4 5 . 4 4 6 . 6 [ 4 5 . 3  |
E,ML % 4 3 . 3 4 6 . 1 4 7 . 7 5 0 . 0 [ 5 3 . 6  j
1 !
^ L s e c - 6 . 3 2 6 . 8 1 7 . 7 3
i
! 8 . 4 5  j
f DC % 4 7 . 5 4 5 . 9 4 1 . 0 3 3 . 2 1 2 7 . 6 1
A I R - A Q U E O U S  G L Y C E R O L  S Y S T E M  
D E S O R P T I O N  O F  O X Y G E N  W I T H  A I R  
W E I R  H E I G H T - 2 "  A I R  R A T E - 2 2 4 f t 3 / m i n  F  F A C T Q R - l . O
-H.
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TABLE 14 (continued)
j E X P E R I M E N TL___ ,_____ „__ ___ ___ _____ . 1 6 . 6 1 6 . 7 1 6 . 8 1 6 . 9 . 1 6 ,  i o j
1
g a l l / m i n 2 0 . 8 1 6 , 7 1 2 . 5 8 . 4
i
4 . 2
h
T
i n s . w a t e r 2 . 9 4 2 . 7 6 2 , 7 0 2 . 5 7 2 . 4 3  I
Z f i n s . S . 2 3 6 . 0 9* 5 . 9 2 5 . 3 6 4 . 8 9  :
1
Z f D C
i n s . 7 . 3 0 6 . 8 8 6 . 1 9 5 . 7 2 5 . 4 6
1
i n % 7 3 . 8 6 2 . 5 7 3 . 9 7 7 . 0 8 0 . 5
1
X * lY/o 2 4 . 0 2 4 . 0 2 4 . 0 2 4 . 0 2 4 . 0
T R A Y  O N L Y
x ou1 % 4 9 . 9 4 2 . 2 4 2 . 3 3 7 . 2 3 1 . 5
e m l
% 4 8 . 0 5 2 . 7
-
6 3 . 3 7 5 . 0 8 6 . 7
f t
s e c 7 . 1 2 8 . 3 6 1 0 . 1 8 1 4 . 4 2 2 4 . 3 1
s T R A Y  P L U S  DOWNCOMER
x o u t % 4 3 . 6 3 6 . 5 3 6 . 7 3 3 . 1 2 9 . 0
e m l
% 6 0 . 5 6 7 . 6 7 4 . 6 8 2 . 9 9 1 . 1
^ L
s e c 9 . 8 6 1 1 . 7 9 1 3 . 1 3
inCOCOrH 4 6 . 9 8
f
DC L _ i ______ J2 0 . 8 2 1 . 5 1 5 . 1______ 9 . 4 4 . 9  !
A I R  - A Q U E O U S  G L Y C E R O L  S Y S T E M
D E S O R P T I O N  O P  O X Y G E N  W I T H  A I R
W E I R  H E I G H T - 2 1' A I R  R A T E » 3 3 5 f t 5 / m i n  F  F A C T O R - 1 , 5
Xi
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TABLE 15
E X P E R I M E N T 1 7 . 1 1 7 . 2
-------- -
_ 1 7 ; 3 _ 1 7 . 4  | 1 7 . 5  j
L g a l l / m i n 4 1 . 7 3 7 . 6 3 3 . 4 2 9 . 2
1
2 5 . 0  j
h T
i n s  . w a t e r 3 . 9 0 3 . 8 1 3 . 6 6 3 . 6 0 3 . 5 0
Z f
i n s , - - 8. 00 7 . 4 0 7 . 2 5
1 7
] f  DC
i n s . 1 0 . 0 0 9 . 5 5 9 . 2 5 8 . 6 5 8 . 3 5
! x. 
i n % 6 7 . 1 7 0 . 3
7 0 . 1 6 8 . 7 7 1 . 0
X * % 2 5 . 0 2 5 . 0 2 6 . 0 2 6 . 0 2 6 . 0
T R A Y  O N L Y
x o u t % 5 5 . 3
5 6 . 3 5 5 . 2 5 2 . 5 5 2 . 2
e m l
% 2 8 . 1 3 1 . 0 3 3 . 7 3 7 . 8 4 1 . 9
b L
s e c - 4 . 9 8 5 . 4 4 5 . 6 8 6 . 3 0
T R A Y  P L U S  DOWNCOMER
x o u t
% 4 7 . 4 4 8 . 4 4 7 . 8 4 6 . 2 4 5 . 5
E  -  
ML
% 4 6 . 9 4 0 . 3 5 0 . 5 5 2 . 7 5 6 . 7
s e c 6 . 3 2 7 . 0 9 7 . 7 6 8 . 8 9
f DC %
4 0 . 1 36.1 3 3 . 2 2 8 . 0 2 5 . 3
A I R - A Q U E O U S  G L Y C E R O L  S Y S T E M  
D E S O R P T I O N  O P  O X Y G E N  W I T H  A I R
W E I R  H E I G H T - 2 ”  A I R  R A T E - 3 3 5 f t 3 / m i n  F .  F A C T O R - 1 . 5
■Ti.
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TABLE 15 (continued)
E X P E R I M E N T 1 7  06 1 7 . 7 1 7 . 8
..............
1 7 . 9
!
1 7 . 1 0
■------------
L g a l l / m i n 2 0 . 8 1 6 . 7 ' 1 2 . 5 1 8 . 4 4 . 2
h T i n s  . w a t e r 3 . 4 0 3 . 3 2 3 . 2 4 3 . 0 8 . 3 . 0 0
i n s  . 7 . 0 0 6 . 7 5 6 . 5 0 6 . 0 0 5 . 9 0
Z f D C
i n s . 7 . 8 5 7 . 5 0 6 . 8 5 6 . 4 0 6 . 0 0
x .
i n % 6 9 . 8 7 3 . 2 8 7 . 0 9 1 . 8 8 8 . 0
X * % 2 7 . 0 2 7 . 0 2 7 . 0 2 7 . 0 2 7 . 0
T R A Y  O N L Y
x o u t % 4 8 . 8 4 6 . 9 4 7 . 4 4 2 . 5 3 4 . 4
e m l
% 4 9 . 0 5 6 . 9 6 6 . 0 7 6 . 0 8 8 . 0
e l
s e c 6 . 6 3 8 . 1 9 1 0 . 1 8 1 4 . 4 2 2 5 . 4
T R A Y  P L U S  DOWNCOMER 1
x o u t % 4 3 . 2 4 1 . 3 ■ 4 1 . 9 3 4 . 0 3 1 . 9
e m l
% 6 2 . 2 6 9 . 0 7 5 . 2 8 9 . 1 9 2 . 0
t L s e c 9 . 9 1 L 1 . 8 5 1 3 . 9 0 2 1 . 3 4 4 9 . 2 2
f DC
to 2 1 . 0 1 7 . 5 1 5 . 7 1 4 . 7  
----------------
4 . 5
- ..........
to 304 -  
T A B L E  1 6  
A I R - A Q U E O U S  G L Y C E R O L  S Y S T E M  
D E S O R P T I O N  O P  O X Y G E N  W I T H  A I R  
W E I R  H E I G H T  2 "  A I R  R A T E  4 4 6 f t 3 / m i n  F ^ - F A C T O R - 2 . 0
E X P E R I M E N T 1 8 . 1 1 8 . 2 1 8 . 3 1 8 . 4 1 8 . 5
L
--------- ------- - —-----
g a l l / m i n 4 1 . 7 3 7 . 6 3 3 . 4 2 9 . 2 2 5 . 0
Vi
T
i n s . w a t e r 4 . 7 5 4 . 7 0 4 . 6 0 4 . 5 0 4 . 4 5
z r
i n s . - -
Z f D C i n s  . 1 0 . 8 0 1 0 . 3 0 1 0 . 1 0 9 . 5 5 8 . 8 0
x i n % 6 6 . 2 7 2 . 0 6 7 . 9 6 6 . 0 7 2 . 0
X * % 2 7 . 0 2 7 . 0 2 7 . 0 2 7 . 0 2 6 , 0
T R A Y  O N L Y
o u t % 5 2 . 9 5 4 . 8 5 1 . 3 4 9 . 4 5 1 . 2
E ML %
3 4 . 0 3 8 . 2 4 0 . 5 4 2 . 6 4 5 . 1
f t s e c 4 . 9 9 5 . 3 2 5 . 9 4 6 . 4 2
T R A Y  P L U S  DOWNCOMER
X  ,
o u t % 4 5 . 6 4 8 . 9 4 6 . 6 4 4 . 2 4 4 . 7
E
ML
of /0 5 2 . 7 5 1 . 4 5 2 . 1 5 5 . 8 5 9 . 4
f t s e c 6 . 4 9 7 . 4 9 7 . 7 3 8 . 7 9
f DC
!
c!
A> 3 5 . 4 2 5 . 6 2 2 . 1 2 3 . 8 2 3 . 8
-  3 0 5  -
TABLE 16 (continued)
A I R - A Q U E O U S  G L Y C E R O L  S Y S T E M  
D E S O R P T I O N  O F  O X Y G E N  W I T H  A I R
W E I R  H E I G H T - 2 11 A I R  R A T E * - 4 4 6 f t 3 / m i n  F . - F A C T O R - 2 .
Pi
E X P E R I M E N T 1 8 . 6 1 8 . 7 1 8 . 8 1 8 . 9 1 8 , 1 0
L g a l l / m i n 2 0 . 8 1 6 . 7 1 2 . 5 8 . 4 4 , 2
h T i n s . w a t e r 4 , 3 5 4 . 2 5 4 . 1 5 4 . 1 5 3 . 9 5
Z f
i n s . - 7 . 6 5 7 . 4 5 7 . 2 5 5 . 8 5
Z f D C
i n s 8 . 4 0 0 . 1 5 7 . 8 5 7 . 2 0 6 . 9 0
x i n % 6 9 .8 7 2 . 5 8 4 . 0 9 6 . 0 8 7 . O
X * % 2 6 . 0 2 6 . 0 2 6 . 0 2 6 . 0 2 6 . 0
T R A Y  O N L Y
x o u t % 4 7 . 1 4 4 , 5 4 3 . 2 4 0 . 1 3 2 . 1
e m l
% 5 1 . 9 6 0 . 4 7 0 . 3 7 9 . 6 9 0 . 0
s e c 6 . 8 7 8 . 4 . 1 1 0 . 2 4 1 4 . 4 9 2 2 . 5 3
T R A Y  P L U S  DOWNCOMER
X 4-o u t % 4 1 , 4 3 2 . 8 3 8 . 9 3 6 . 8 3 0 . 4
E
ML % 6 4 . 9 7 0 . 6 7 7 . 9 8 4 . 6 9 3 . 0
h
s e c 9 . 9 4 1 1 . 5 4
00
CO-=r 
<—
! 2 4 . 6 1 5 3 . 5 2
f DC % 2 0 . 1 1 9 . 5 9 . 5 5 . 6 3 . 0
3 0 6  -
T A B L E  1 7 .
A I R - A Q U E O U S  G L Y C E R O L  S Y S T E M  
D E S O R P T I O N . . O F  O X Y G E N  W I T H  A I R  
W E I R  H E I G H T  -  2 "  L I Q U I D  R A T E  -  3 7 - 4 5  g a l l / m i n .
1 E X P E R I M E N T 1 9 . 1 1 9 . 2 1 9 . 3 1 9 . 4 1 9 - 5 1 9 . 6  " ni r n 1 1 9 . 7\
i
F
A
1 . 0 1 . 2 1 . 4 1 . 6 1 . 8 2 . 0 2 . 2
h T
i n s . w a t e r 3 . 3 0 3 . 5 1 3 . 6 2 3 * 9 8 4 . 3 4 4 . 7 2 5 . 1 9
Z f i n s . 7 . 2 0 7 . 5 0 7 . 7 0 - - -
Z f D C
i n s . 9 . 0 5 9 . 2 0 9 . 5 0 9 . 8 0 1 0 . 0 5 1 0 . 3 5 1 0 . 5 5
X- .
m %.
6 8 . 4 6 7 . 6 7 1 . 9 6O . 3 6 9 . O 7 2 . 0 7 0 . 2
X * %• 2 4 . 0 2 7 . 0 2 7 - . 0 2 6 . 0 2 6 . 0 2 7 . 0 2 7 . 0
TP A Y  ONL Y
X
o u t
%. 5 7 . 3 5 6 . 2 5 8 . 2 4 9 . 1 5 5 . 0 5 4 . 8 5 3 . 3
El
fiML %. 2 5 . 1
2 8 . 1 3 0 . 5 3 2 . 8 3 2 . 5 3 8 . 2 3 9 . 0
f t
s e c . 5 . 1 0 5 . 0 8 5 . 2 2 5 . 0 8 5 . 1 7 5 . 1 C 5 . 0 4
T R A Y  P L U S DOWNC OMER
X  o u t %.
4 8 . 0 4 8 . 2 5 0 , 7 4 3 . 3 4 7 . 8 4 8 . 9 4 7 . 5
tp
ML % .
4 6 . 1 4 7 . 8 4 7 . 1 4 9 . 6 4 9 . 3 5 1 . 4 5 2 . 5
f t
s e c 6 . 0 6 6 . 1 8 6 . 1 6 6 . 4 3 6 . 5 5 6 , 4 9 6 . 9 9
f DC %.
4 5 . 6 3 7 . 4 3 5 . 4 3 4 . 1 3 4 . 0 2 5 . 6 2 5 . 6
_______ __________________ __________ ,
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T A B L E  1 8 .
A I R - A Q U E O U S  G L Y C E R O L  S Y S T E M  
D E S O R P T I O N  O P  O X Y G E N  W I T H  A I R  
W E I R  H E I G H T  2 11 L I Q U I D  R A T E  2 4 . 9 5  g a l l / m i n
E X P E R I M E N T 2 0 . 1 2 0 . 2 2 0 . 3 2 0 . 4 2 0 . 5 2 0 . 6 2 0 .  7 ~ 1
A
1 . 0 1 . 2 1 . 4 1 . 6 1 . 8 2 . 0 2 . 2
h T
i n s . w a t e r 3 . 0 0 3 . 1 5 3 . 3 5 3 . 6 5 4 . 1 0 4 . 4 5 4 . 9 0
Z f i n s . 6 . 3 5 6 . 7 5 7 . 0 0 7 . 4 0 - -
Z f D C
i n s . 7 . 5 0 7 . 8 5 8 . 2 5 8 . 5 0 8 . 8 5 9 . 0 0 9 . 2 5
x .
m
% 6 9 . 9 8 0 . 0 7 1 . 9 7 4 . 1 7 6 . 8 7 2 . 0 7 6 . 1
X * % 2 4 . 0 2 7 . 0
T R A Y
2 7 . 0
O N L Y
2 6 . 0 2 6 . 0 2 7 . 0 2 7 . 0
x  j o u t
% 5 2 . 1 5 8 . 2 5 3 . 4 5 3 . 3 5 4 . 7 5 1 . 7 5 3 . 1 '
S ML %
3 8 . 8 4 1 . 1 4 1 . 1 4 3 . 2 4 3 . 5 4 5 . 1 4 6 . 8
b L
s e c 6 . 3 0 6 . 3 8 6 . 3 3 6 . 3 2 6 . 3 1 6 . 3 2 6 . 1 9
T R A Y  P L U S  D0WN<3 0 M E R
o u t
% 4 5 . 3 5 1 . 0 4 6 . 7 4 6 . 3 4 6 , 7 4 5 . 3 4 6 . 2
e m i , %
5 3 . 6 5  4  * 6 5 6 . 2 5 7 . 6 5 9 . 1 5 9 - 4 6 0 . 9
t L
s e c 8 . 4 5 8 . 5 6 8 . 1 0 8 . 6 3 8 . 4 6 8 . 38 8 . 6 3
f DC
of(0 2 7 . 8 2 4 . 8 2 6 . 6 2 5 . 2 2  6 . 6 2 4 . 0 2 3 . 1
j
T A B L E  1 9 .
A I R - A Q U E O U S  G L Y C E R O L  S Y S T E M  
D E S O R P T I O N  O F ' O X Y G E N  W I T H  A I R .
W E I R  H E I G H T  2 ” L I Q U I D  R A T E  1 2 . 4 8  g a l l / m i n .
-  3 0 8  -
I E X P E R I M E N T 2 1 . 1 2 1 . 2 2 1 , 3 2 1 . 4 2 1 . 5 2 1 . 6 2 1 . 7, ------------- _----
1 . 0 1 . 2 1 * 4 1 . 6 1 . 8 2 . 0 2 . 2
h T
i n s . w a t e r 2 . 7 0 2 . 9 0 3 . 1 5 3 . 4 0 3 . 8 0 4 . 1 5 4 . 5 5
Z f i n s . 5 . 7 5 6 . 0 0 6 . 3 0 6 . 6 0 7 . 1 0 7 . 5 0 -
| Z f D C
i n s . 6 . 3 0 6 . 6 0 6 . 8 0 7 . 3 0 7 . 3 0 7 . 7 0 8 . 0 0
j x i n % 7 3 . 9
7 3 . 2 8 1 . 8 8 4 . 8 7 4 . 0 8 4 . 0 7 3 . 8
1
i V *
1
1
% 2 4 . 0 2 8 . 0
T R A Y
2 7 . 0
O N L Y
2 6 . 0 2 6 . 0 2 7 . 0 2 7 . 0
r
x o u t % 4 2 . 9 4 5 . 1
4 6 . 8 4 7 . 3 4 3 . 0 4 6 . 2 4 2 . 8
! E
1 ML
% 6 2 . 3 6 2 . 2 6 3 . 8 6 3 . 8 6 4 . 5 6 6 . 3 6 6 . 2
!
! +-
[
s e c 1 0 . 0 0 1 0 . 0 7  
P R A Y  P
1 0 . 1 5  
L U S  DOi
1 0 . 1 3
INCOME
1 0 . 2 1
3
1 0 . 2 0 1 0 . 3 8
| x o u t % 3 6 . 7
3 9 . 4 4 0 . 6 4 0 . 2 3 7 . 7 4 0 . 1 3 7 . 8
e m l
% 7 4 . 6 7 4 . 8 7 5 . 2 7 5 . 9 7 5 . 6 7 7 . 0 7 6 . 9
t L
s e c 1 3 . 1 3 1 3 . 1 1 1 4 . 1 7 1 3 . 9 6 1 4 . 2 1 1 4 . 5 0 1 5 . 0 1
f DC %
1 6 . 7 1 6 . 9 1 5 . 0 1 5 . 9 1 4 . 6 1 3 . 9 1 3 . 9
to 309 -
T A B L E  2 0  
A I R - A Q U E O U S  G L Y C E R O L  S Y S T E M  
D E S O R P T I O N  O F  O X Y G E N  W I T H  A I R
W E I R  H E I G H T - 5 "  A I R  R A T E - 2 2 4 f t 3 / m i n  F A - F A C T 0 R - 1 . 0
E X P E R I M E N T 2 2 . 1 2 2 . 2 2 2 . 3 2 2 . 4 2 2 . 5  j
L g a l l / m i n 4 1 . 7 3 7 . 6 3 3 . 4 2 9 . 2
f
2 5 . 0
h T
i n s  . x v a t e r 5 . 5 0 5 . 3 5 5  = 2 0 5 . 1 0 4 . 9 5
Z f
i n s . 9 . 7 0 9 . 7 0 9 . 3 0 9 . 1 5 8 . 9 0
Z f D C
i n s , 1 0 . 3 5 1 0 . 2 0 9 . 9 0 9 . 7 0 9 . 7 5
x i n %
61 . 8 6 0 . 1 6 5 . 7 6 0 . 5 6 7 . 8
X * % 2 3 .0 2 3 . 0 2 3 . 0 2 3 . 0 2 3 . 0
T R A Y  O N L Y
x o u t % 4 2 . 3 4 0 . 4 4 1 . 4 3 8 . 0 3 9 . 5
e m l
% 5 0 . 1 5 3 . 0 5 6 . 8 6 0 . 0 6 3 . 4
f t
s e c s Kft* 6 . 3 3 6 . 8 1 7 . 6 7 9 . 2 9
T R A Y P L U S  DOWNCOMER
X  ,
o u t
vi
/o 3 7 . 8 3 7 . 0 3 7 . 1 3 4 . 1 3 3 . 9
e m l
vf10 61 . 8 6 2 . 4 6 6 . 9 7 0 . 5 7 5 . 7
^ L s e c s
- 9  = 4 4 9 . 3 8 1 0 . 0 7 1 1 . 5 6
f DC %
1 8 . 7 1 4 . 7 1 5 . 0 1 4 . 8 1 6 . 5
T A B L E  2 0  c o n t i n u e d  
A I R - A Q U E O U S  G L Y C E R O L  . S Y S T E M  
D E S O R P T I O N  O F  O X Y G E N  W I T H  A I R  
W E I R  H E I G H T - 5 ” A I R  R A T E - 2 2 4 f t ^ / m i r i  F A - F A C T 0 R - 1
E X P E R I M E N T 2 2 . 6 2 2 . 7 2 2 . 8 2 2 , 9
1
2 2 . i c j
L g a l l / m i n 2 0 . 8 1 6 . 7 1 2 . 5 8 . 4 4 . 2
h T i n s . w a t e r 4 . 8 0 4 , 7 0 4 . 4 0 4 . 2 5 4 . 1 0
Z f i n s . 8 . 6 0 8 , 4 5 8 . 4 0 7 . 9 0 7 . 6 1
Z f D C
i n s . 9 . 4 5 8. 80 8 . 6 0 8 . 1 5 7 . 6 0
x i n
cf
fa 6 5 . 2 6 4 , 6 7 1 . 0 8 8 . 9 8 8 . 2
X * % 2 3 . 0 2 3 . 0 2 3 . 0 2 3 . 0 2 3 . 0
T R A Y  O N L Y
x o u t % 3 7 . 2 3 6 . 0 3 3 . 8 3 3 . 4 2 8 . 8
e m l % 6 6 . 3 7 0 , 0 7 7 . 8 8 4 . 1 9 1 . 0
h
s e c s 1 0 . 4 2 1 3 . 3 6 1 6 . 5 4 2 3 . 8 8 4 7 . 3 3
T R A Y  P L U S  DOWNCOMER
x o u t % 3 2 . 2 2 9 . 4 2 8 . 9 2 8 . 3 2 6 . 2
e m l % 7 8 . 1 8 4 . 5 8 7 . 6 9 2 . 0 9 6 . 1
b L s e c s 1 2 . 5 6 1 5 . 1 4 2 2 . 7 2 3 2 . 9 1 6 4 . 6 5
f DC
rf
fa 1 6 . 7 1 8 . 7 1 1 . 6 8 . 4 4 . 2
A I R - A Q U E O U S  G L Y C E R O L  S Y S T E M  
D E S O R P T I O N  O F  O X Y G E N  W I T H  A I R  
W E I R  H E I G H T - 5 A I R  R A T E -  3 3 5 f t 3 / m i n  ? A F A C T O R -
i
j E X P E R I M E N T 2 3 . 1 2 3 . 2 2 3 . 3 2 3 . 4 2 3 , 5 ....
1
L g a l l / m i n , 4 1 . 7 3 7 . 6 3 3 . 4 . 2 9 . 2 2 5 . 0
h T
i n s . w a t e r 5 . 6 0 5 . 6 0 5 . 4 0 5 . 4 0 5 . 2 0
j
z f m s  o 1 0 . 6 5 1 0 . 4 0 1 0 . 2 0 1 0 . 0 0 9 . 5 0
Z f DC
i n s . 1 1 . 3 0 1 1 . 0 0 1 0 . 8 0 1 0 . 5 0 1 0 . 1 5
x .
m %
6 4 . 1 6 2 , 0 6 5 . 7 6 2 . 0 6 8 . 6
Jj" ^ % 2 4 . 0 2 4 . 0 2 4 . 0 2 4 . 0 2 4 . 0
T R A Y  O N L Y
! x
o u t % 4 3 . 3 4 1 . 6 4 1 . 7 3 8 . 9 4 0 . 1
e m l % 5 1 . 0 5 3 . 7 5 7 . 6 6 0 . 7 6 3 . 9
h
s e c s .... 6 . 3 8 6 . 8 6 7 . 9 5 8 . 7 3
T R A Y  P L U S  DOWNCOMER
x o u t
% 3 9 . 2 3 8 . 0 3 8 . 2 3 5 . 4 3 5 . 9
e m l % 62  , 0 6 3 . 1 6 6 . 0 7 0 . 1 7 3 . 3
fl
5-P s e c s 9 . 5 5 1 0 . 6 6 1 0 . 8 0 1 2 , 0 1
f
DC
of
fa 1 6 . 5 1 5 . 0 1 2 . 7 1 3 . 1 1 2 . 8
A I R - A Q U E O U S  G L Y C E R O L  S Y S T E M
D E S O R P T I O N  O F  O X Y G E N  W I T H  A I R
W E I R  H E  I  G E T - 5  n A I R  R A T E - 3 3 5  f t 3 / m i n  F ^ - F A C T O R - 1 ,  5
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TABLE 21 (continued)
E X P E R I M E N T __2 3 . 6 2 3 . 7 2 3 J 3_
~  1 1 
__ 2 3  0 2 3 . 1 0 .
L g a l l / m i n 2 0 . 8 1 6 . 7 1 2 . 5 8 . 4 4 . 2
h T
i n s . w a t e r 5 . 1 0 4 . 9 0 4 , 7 5 4 . 7 0 4 . 5 0
E
i n s . 9 . 2 5 9 . 0 5 8 . 8 0 8 . 5 0 0 . 1 5
Z f D C
i n s . 9 . 7 0 9 . 1 5 8 . 7 5 8 . 3 0 7 . 8 5
X .
m
% 6 8 . 2 6 9 . 0 7 1 . 0 8 5 . 0 7 6 . 7
X * % 2 4 , 0 2 5 . 0 2 5 . 0 2 3 . 0 2 3 . 0
T R A Y  O N L Y
x o u t %
3 8 . 2 3 7  = 4 3 5 . 1 3 2 . 5 2 7 . 4
E
ML %
6 8 . 0 7 1 . 8 7 6
•0
8 4 . 6 9 1 . 8
? L
s e c s 1 0 . 8 7 1 2 . 2 4 1 6 . 4 6 2 3 , 8 2 4 6 . 5 8 :
T R A Y  P L U S DOWNCOMER
x
* o u t %
3 4 . 6 3 2 . 3 3 1 . 5 2 9 . 0 2 5 . 1
E  ML
0>
7 5 . 9 8 3 . 5 8 5 . 8 9 0 . 2 9 6 . 0
h s e c s 1 4 . 8 2 1 7 . 0 7 2 3 . 4 8 3 3 . 6 9 6 5 . 9 5
f DC % 1 0 . 7 1 3  = 9 9 .
1 6 . 3 4 . 5
“  5 1 5  -  
T A B L E  2 2
A I R - A Q U E O U S  G L Y C E R O L  S Y S T E M  
D E S O R P T I O N  O P  O X Y G E N  W I T H  A I R  
W E I R  H E I G H T - 5 "  A I R  R A T E - 4 4 6 f t 3 / m i n  F fi F A C T O R - 2 . 0
E X P E R I M E N T 2 4 . 1 2 4 . 2 2 4 . 3 2 4 , 4 2 4 . 5
L g a l l / m i n 4 1 . 7 3 7 . 6 3 3 . 4 2 9 . 2 2 5 . 0
b T
i n s . w a t e r 6 . 4 5 6 . 3 5 6 . 2 5 6 . 1 0 6 . 0 0
V
i n s  o 1 1 . 7 5 1 1 . 4 5 1 0 . 9 5 1 0 . 7 0 1 0 . 6 0
Z f  DC
i n s . 1 2 . 1 5 1 1 . 8 0 1 1 . 6 5 1 1 . 3 0 1 1 . 2 0
X .
I l l %
6 2 . 2 6 6 . 0 6 6 . 6 6 6 . 4 7 5 . 8
X * % 2 6 , 0 2 6 . 0
T R A Y
2 6 . 0
O N L Y
2 6 , 0 2 5 . 0
x o u t % 4 2 . 9
4 4 . 1 4 3 . 0 4 1 . 6 4 3 . 1
e m l
% 5 3 . 4 5 4 . 8 5 8 . 0 6 1 . 5 6 4 . 5
s e c s - 6 . 3 3 6 . 9 3 7 . 9 5 9 . 1 0
i
T R A Y  P L U S  DOWNCOMER
x o u t
% 4 0 , 1 4 0 . 9 3 9 . 9 3 8 . 7 3 9 . 5
e m l
cf
fa 6 1 , 2 6 2 , 9 6 5 . 6 6 8 , 5 7 1 . 5
©
s e c s - 1 0  . 0 1 1 0 . 1 4 1 1 . 3 1 1 2 . 6 3
f DC 1 2 . 7 1 2 . 3
1 1 . 6 1 0 . 1 9 . 9
T A B L E  2 2  ( c o n t i n u e d )
A I R - A Q U E O U S  G L Y C E R O L  S Y S T E M  
D E S O R P T I O N  O P  O X Y G E N  W I T H  A I R  
W E I R  H E I G H T - . 5 11 A I R  R A T E - 4 4 6  f t  3 / m i n  F .  P A C T 0 R - 2 . 0
xi
r
I E X P E R I M E N T 2 4 . 6 2 4 . 7 |S 
1
N 2 4 . 9 2 4 . 1 0
L g a l l / m i n 2 0 . 8 1 6 . 7 1 2 . 5 8 . 4 4 . 2
h T
i n s . w a t e r 5 . 9 5 5 . 7 0 5 . 5 5 5 . 4 0 5 . 3 0
Z f
i n s . 1 0 . 4 5 1 0 . 2 0 9 . 7 5 9 . 5 5 9 . 0 0
Z f  DC■j
i n s . 1 0 . 7 0 1 0 . 1 0 9 . 6 0 8 . 9 0 8 . 3 0
x i n % 7 3 . 5
7 2 . 2 8 6 . 0 8 0 . 2 7 3 . 0
X * % 2 5 . 0 2 5 . 0 2 5 . 0 2 5 . 0 2 5 . 0
T R A Y  O N L Y
x o u t % 3 9 . 9 3 8 . 1 3 8 . 3 3 3 . 6 2 8 . 8
e m l
ofto 6 9 . 1 7 2 . 2 7 8 . 2 8 4 . 5 9 2 , 1
s e c s 1 0 . 4 0 1 3 . 3 5 1 5 . 7 7
0COf°lOJ 4 5 . 2 3
♦
T R A Y  P L U S  DOWNCOMER
x o u t
ClfO 3 6 . 5 3 4  . 7 3 5 . 2 3 0 . 4 2 8 , 4
e m l
clto 7 6 , 1 7 9 . 4 8 3 . 2 9 0 . 1 9 3 . 0
h
s e c s 1 4 . 1 1 1 7 . 6 4 2 4 . 1 5 3 4 . 0 8 7 0 . 3 1
\ f DC % 9 . 2 9 . 1 6 . 1 6 . 4 0 . 9
315 -
T A B L E  2 3 .
A I R - A Q U E O U S  G L Y C E R O L  S Y S T E M  
D E S O R P T I O N  O F  O X Y G E N  W I T H  A I R  
W E I R  H E I G H T  5 n L I Q U I D  R A T E  3 7 * 4 5  g a l l / m i n .
E X P E R I M E N T 2 5 . 1 25*2 2 5 * 3 2 5 * 4 2 5 * 5 25*6 2 5 * 7
P A i . O 1 . 2 1 . 4 1 . 6 1 . 8 2 . 0 2 . 2
hip i n s . w a t e r 5 * 3 0 5 . 4 0 5 . 6 0 5 . 8 0 5 * 9 5 6 . 4 0 6 . 8c
z f
i n s . 9 * 5 0 9*80 1 0 . 0 0 1 0 . 2 0 1 0 . 9 C 1 1 . 4 5 1 1 . 7 5
Z f D C
i n s . 1 0 . 2 0 1 0 . 5 0 1 1 . 0 0 1 1 . 2 0 1 2 . 0 C 1 2 . 1 C 1 2 . 5 C
x .
m % 6 5 *  6 6 3 * 3 67*6 6 8 . 5 6 9 . O 7 0 . 0 6 9 * 7
X * % 2 6 . 0 2 6 . 0 2 6 . 0 2 6 . 0 . 2 6  . . 0 2 6 . 0 2 6 . 0
T R A Y O N L Y
x o u t
(0 4 4 . 5 4 3 . 1 4 4 . 7 4 5 . 1 4 5 . 6 4 5 . 8 4 5 . 2
e m l
fa 5 3 * 2 5 4 . 0 5 5 . 0 5 5 . 0 5 4 . 3 5 5 . 0 5 6 . 0
fcL
s e c s 6 . 2 1 6 . 2 3 6 . 6 3 6 . 0 9 6 . 2 0 6 . 0 9 6 . 5 8
T R A Y P L U S  DOWNCOMER
x  1.o u t % 4 0 . 9 3 8 . 6 4 1 . 3 4 1 . 4 4 2 . 1 4 2 . 3 4 2 . 0
e m l
h 5 2 . 4 6 6 . 1 6 3 * 3 6 3 * 9 6 2 . 6 6 2 . 9 6 3 * 2
b L
s e c s 9 .  4 4 9 * 3 8 9 * 7 9 9 * 9 7 9 * 8 3 1 0 . 0 3 9 * 7 9
f DC
* ________________
1 4 . 6 1 8 . 2 1 2 . 9 1 3 * 7 . 1 3 * 0  
____ _____
9 * 3
_______
1 1 . 5  
----------------!
to 316 -
TABLE 2 4 .
AIR-AQUEOUS GLYCEROL SYSTEM
DESORPTION OF OXYGEN WITH AIR
' WEIR HEIGHT 5 ” LIQUID RATE 2 4 . 9 5  g a l l / m i n .
EXPERIMENT 26.1 26.2 26.3 26.4 26.5 26.6 26.7 j
Ff t 1 .0 1 .2 1.4
L-1BJIJIJIL1 H
1.6 1 .8 2 .0 2 .2
hT i n s . w a t e r 4.90 4.90 5.10 5.40 5.60 6.05 6 . 5 0
Zf i n s . 8. 95 9.20 9.60 5.80 10.40 10.70 11.25
Zf  DCi n s 9 . 8 0 9.95 9.95 10.20 1 0 . 7 0 11.20 11.63
x ir i % 76.3 73.6 73.5 69.0 68.7 69*7 77.6
X * % 26.0 26.0 26.0 26.0 25.0 25.0 25.0
TRAY ONLY
x Out % 44.5 44.0 43.2 41.0 40.4 41,0 43.7
e ml % 63.4 62.2 63.8 65.1 64.8 64.2 64.5
* L s e c s 9.32 9.40 9.44 9.70 9.92 9.53 9.76
TRAY PLUS DOWNCOMER
x o u t % 38.2 38.3 38.4 37.3 36.2 37.7 39.3
e ml % 75-7 74.1 73.8 73.8 74.3 71.5 72.7
t L s e c s 11.55 12.16 12.08 12.27 12.91 1 2 . 6 1 13.03
f DC 10 16.5to
16.1 13.7
___ J
11.7 12.9 10,3 11.5
-  3 1 7  -
TABLE 25.
AIR-AQUEOUS GLYCEROL SYSTEM 
DESORPTION OF OXYGEN WITH AIR 
WEIR HEIGHT 5" LIQUID RATE 12.48 g a l l /m in .
EXPERIMENT 27. 1 27. 2 27.
■ ■ -t
3
p ----
27.4
...
27. 5 27. 6 27
1
7 i
FA 1. 0 1. 2 1. 4 1 .6 ! 1. 8 2 0 2 2 |
hT in s .w a t e r 4. 30 4. 45 4. « 4.95 5. 20 5 60 6. 05
Zf i n s . 8. 35 8. 70 8. 95 9.15 9. 50 9. 85 10 60
ZfDC i n s . 8. 60 8. 70 8. 75 8. 85 9. 20 9. 55 9 80
X .m
ff!/o 74. 4 74. 8 62. 8 63.5 63. 8 73. 0 78. 0
X * % 25* 0 25. 0 23. 0 2 3 . 0 23. 0 25. 0 25. 0
TF:AY ONIjY
X DUt-
% 36. 0 36. 6 31. 4 3 1 . 8 32. 3 35. 5 36. 5
e ml % 77. 8 76. 7 78. 8 78.1 77- 2 78. 2 78. 3
V secs 17. 12 16. 77 16. 84 17.04 17. 15 17. 01 17. 69
:
it
TRAY PLU£1 DOWNCOMER ►
1 out % 34. 4 32. 8 29. 2 30.0 30. 4 33 .0 35 .2
Je ml % 87. 6 84. 4 84. 4 82,9' 81, 8 83 .2 80 .9
! t fj L secs 23. 14 23. 04 23 . 55 23.97 23. 65 24 .24 24 .52
1 f1 DC % 4. 0 9. 1 6. 5 5 .4 5. 7 6 .3 3 .0
-  3 1 8  -
TABLE 26.
AIR-WATER SYSTEM 
MIXING STUDY ON LIQUID PHASE 
WEIR HEIGHT-2" AIR RATE-224 f t 3/min F -FACTOR 1 .0
EXPERIMENT 29.1 29.2 " ..j : i  "23.9 129.4 129.5
L L g a ll/m in 37.6 33.4 29.2 25.0 20.8
'RAY ONLY
Sn secs 5.52 5.70 6.08 6.89 7.80
s e c s 2 2.67 2.92 3.40 4.44 5.79
PE 22.67 22.11 21.54 21.26 20.85
de f t / s e c ( x l 0 2] 3.48 3.45 3.34 2.98 . 2.69
^L secs 5.07 5.23 5.56 6.30 7.12
V f t 3 (x lO ) 5 .10 4.67 4.34 4.21 3.96
UL f t / s e c ( x lO ) 3.94 3.82 3.60 3.17 2.81
o  2 ( x lO 2) 10.38 10.68 11.01 11.18 11.43
TRAY PLUS DOWNCOMER
fcm secs 6 .6  7 7.24 8.25 9.03 10.56
< s e c s 2 2.48 3.28 4.55 5.58 7.85
PE 35.75 31.84 29.81 2 9 . 0 9 28.29
DE f t / s e e ( x l O 2) 7 .28 7.53 7 .0  6 6.61 5.81
l L
secs 6.32 6 . 8 1 7.73 8.45 9.86
V f t 3(x lO ) 6.36 6.08 6.04 5.61 5.49
UL f t / s e c ( x l O ) 6.25 5.76 5.05 4.61 3.95
a 2 (x lO 2) 6.22 7.07 7.61 7.82 8.07
-  3 1 9  -
TABLE 2 6 . ( c o n t i n u e d )
AIR-WATER SYSTEM
MIXING STUDY ON LIQUID PHASE
WEIR H E IG H T -2 r' AIR  R A T E ~ 2 2 4 f t 3 / m i n  F^-FACTOR  1 . 0
1
EXPERIMENT- 2 9 . 6 29.7 2 9 . 8
!
29.9
L g a l l / m i n
■ . ... ."1 ■
16.7 12.5 8 .4 4.2
TRAY ONLY
t m secs 9.18 11.19 15.87 26. 80
2
a t
secs * 8.14 12.27 25.14 73.04
PE 20.51 20.23 19.87 19.50
de f t ? s e c ( x l O 2 ) 2.33 1.93 1.39 0.84
t L secs 8 .3  6 10.18 14.42 24.31
V f t 3( x l O ) 3.73 3*40 3.22 2.74
« L f t / s e c ( x l O ) 2.39 1.96 1.39 0 . 8 2
o2 ( x l O 2 ) 11.65 11.84 12.09 12.36
TRAY PLUS DOWNCOMER
t m secs 12.63 14.08 20.23 50.43
at secs 2 11.27 14.29 29.78 185*6
PE 28.16 27.62 27.36 27.27
de f t / s e c ( x l O 2 ) 4.88 4.46 3.14 1.26
t L secs 11.79 13.13 18.85 46.98
V f t 3( x l O ) 5.26 4.39 4.20 5.30
UL f t / s e c ( x l O ) 3.30 2.96 2.06 0.83
a 2 ( x l O 2 ) 8.11 8 . 2 9 8.38 8.41
-  3 2 0  -
TABLE 2 7 .
AIR-WATER SYSTEM
MIXING STUDY ON LIQUID PHASE
WEIR HEIGHT 2 ” A IR  RATE 3 3 6 f t 3 / m i n  F ^ F A C T O R  1 . 5
EXPERIMENT 30.1 3 0 . 2  |30.3 30.4 30.5 ;1
L g a ll/m in 37.6
- ...1
33.4 2 9 . 2 2 5 . 0 2 0 . 8
i
TRAY ONLY
fcm secs 5.42 5.94 6 . 2 1 6 . 8 9 7.28;1
* 1
secs 2 2.57 3.22 3.58 4.44 5. H i
PE 22.71 21.76 2 1 . 3 9 21.24
|
20.55
de f t ? s e c ( x l O 2) 3*54 3.38 3 . 2 9 2.98 2.94
\
secs 4.98 5.44 5 . 6 8 6 . 3 0 6 .6  3
Vj f t 3(x lO ) 5 .01 4.85 4.43 4.21 3.69
UL f t / s e c ( x lO ) 4 .02 3.68 3.52 3.17 3.02
a 2 ( x lO 2) 10.36 10.88 11 . 10 11.19 I I . 63
TRAY PLUS 0 0 5*1 0 0 her
bm secs 6.67 7.54 8 . 2 7 9.50 10.61
secs 2 2.52 3.63 4 . 5 2 6.21 7.88
PE 55.29 31.25 30 . 20 28.96 28.44
de f t / s e c ( x l O 2) 7.38 7.37 6.95 6.31 5.75
bL secs 6.32 7.09 7.76 8 . 8 9 : 9 . 9 1
V f t 3( x lO ) 6 . 36 6.31 6.06 5.94 5.51
u,L f t / s e c ( x l O ) 6.25 ! 5-53 5.04 4.39 3.93
a z ( x lO 2) i 6 -31 | 7 . 2 2 7.50 7.86 8.02
to 3 2 1
TABLE 2 7 .  ( c o n t i n u e d )
AIR-WATER SYSTEM
MIXING STUDY ON LIQUID PHASE
WEIR HEIGHT- 2 "  AIR R A T E - 3 3 6  f t 3/ m i n  E -FACTOR 1 . 5
EXPERIMENT 30.6 30.7 30.8 |30,9 |
1L j g a ll/m in 16.7 12.5 8 . 4  ! 4 .2  i
|
TRAY
!
DNLY
t m secs 9.0C 11.2C 15.89 28.03
f t
2secs 7.97 12.4c 25- 61 8 0 . 60
PE 20.17 20. 03 19.55 19 = 33
de f t / s e c ( x l O 2) 2.42 1 . 96 1.42 0 . 8 2
secs 8.19 10. 18 14.42 25.40
V f t 3(x lO ) 3 . 65 3.4c 3 .38 2.87
UL f t / s e c ( x lO ) 2.44 1.98 1 .39 0.79
_ 2 0 ( x lO 2) 11.88 11.98 12.32 12.49
TRAY PLUS DOWNCOMER
f t secs 12.70 14.91 22.89 52.78
f t secs 2 11.47 16.06 37 • 84 200.6
PE 27.98 27.56 27.56 27.65
de
2
f t / s e c ( x l O 2] 4.89 4.22 2.75 1 .19
f t
V
secs
f t 3( x lO )
11.85
5.29
13.9C
4.61
21.34
4.97
49.22
5.56
f t f t / s e c ( x l O ) 3.28 2.7$ 1.82 0.79
a 2 ( x lO 2) 8.17 8.31 8.31 8.28
~ 3 2 2  -
TABLE 28.
AIR-WATER SYSTEM 
MIXING STUDY ON LIQUID PHASE 
WEIR HEIGHT-2" AIR RATE-448 f t 3/m in. F^-FACTOR 2 .0
EXPERIMENT 31 .1  | 3 1 . 2 31.3 31.4 31 .5
L g a ll/m in 37.6 33.4 2 9 . 2 2 5 . 0 2 0 . 8
TRAY ONLY
secs 5 .43 5 . 8 0 6 .50 7.03 7.54
s e c s 2 2.58 3.04 3.92 4.68 5.46
PE 22.71 2 2 . 0 2 21.39 2 0 . 9 6 20.64
de f t / s e c ( x l O 2] 3 .53 3.41 3.15 2 . 9 8 2 . 8 2
" L^ secs 4.99 5-32 5-94 6.42 6.87
V f t 3 (x lO ) 5 . 0 1 4.75 4.63 4.29 3 . 8 2
f t / s e c ( x lO ) 4 .01 3.76 3.37 3 . 1 2 2.91
a 2 ( x lO 2) 1 0 . 3 6 10.73 1 1 . 1 0 1 1 . 3 6 11.57
TRAY.PLUS DOWNCOMER
secs 6.87 7.97 8.25 9.40 10.65
at s e c s 2 2.73 4.08 4.58 6 . 1 0 8 . 0 6
PE 34.45 3 1 . 0 2 29.63 2 8 . 8 6 2 8 . 0 1
de f t / s e c ( x l O 2) 7.34 7 . 0 2 7 . 1 0 6.40 5 . 8 2
h
secs 6 .49 7.49 7 .73 8.79 9.94
V f t 3 ( x lO ) 6 .52 6 . 6 8 6.04 5.87 5.52
UL f t / s e c ( x l O ) 6 .07 5.23 5.05 4.43 3.91
a 2 ( x lO 2) 6.48 7 . 2 8 7 . 6 6 7.89 8 . 1 6
-  3 2 3  -
TABLE 2 8 . ( c o n t i n u e d )
AIR-WATER SYSTEM
MIXING STUDY ON LIQUID PHASE
WEIR HEIG H T-2 ” AIR R A T E - 4 4 8  f t 3 / m i n  E -FACTOR 2 . 0
""" " - .......... * ■
EXPERIMENT 31.6 31.7 3 1 . 8 31-9
L g a ll/m in 16.7 12.5
TRAY
8 .4
ONLY
4 ,2
secs 9.25 11.27 15.69 24.87
s e c s 2 8.49 1 2 . 7 0 25.68 63.75
PE 20.00 1 9 . 84 1 9 . 6 8 19.23
de f t / s e c ( x l O 2 ) 2.38 1.96 1.40 0.92
secs 8.41 10.24 14.49 22.53
V f t 3 (x lO ) 3-76 3.42 3.38 2.55
UL f t / s e c ( x lO ) 2 . 3 8 1.95 1.38 O. 89
O2 (x lO 2) 12.00 12.11 12.23 12.56
TRAY P-LUS DOWNCOMER
secs 12.37 15.90 26.41 56.32
° t secs 2 10.99 18.38 50.94 228.7
PE 27.74 27.39 27.27 27.62
D„
ii
2
f t / s e c ( x l O 2 1 5.06 3.99 2.41 1 .12
~fcL secs 11.54 14, 82 24.61 53.52
V f t 3( x lO ) 5.15 4.96 5.50 6.05
u L f t / s e c ( x l O ) 3.37 2 . 6 2 1.58 0.74
o
a " ( x lO 2 ) 8.25 8.37 8.41 8.29
-  3 2 4  -
TABLE 2 9
AIR-WATER SYSTEM
MIXING STUDY ON LIQUID -PHASE
WEIR HEIG H T-2 ” LIQUID RATE- 3 7 . 4 5  g a l l / m i n
EXPERIMENT 32.1 32.2 32.3 ■ 32.4 32.5 32 . 6
I
3 2 . 7
FA
'—
1 .0 1 .2 1.4 1 .6 1 .8 2 .0 2 .2
t TRAY ONLYm
o
secs p 5.54 5.52 5 . 65 5.52 5 . 6 1 5.53 5.47
< secs 2 .61 2.64 2.58 2.59 2.64 2.54 2.57
PE 2 23.36 22.96 24.56 23.33 23.66 23.90 23.17
de f fc/s .ec (x l02) G .3 6 3.43 3.12 3.38 3.29 3.28 3.43
fcL secs 5 .10 5.08 5.22 5.08 5.17 5 .10 5 .04
V f t 3 (x lO ) 5 .12 5 .11 5.25 5*11 5 .20 5.13 5.06
UL f t / s e c ( x lO ) 3*92 3.94 3.83 3.94 3.39 3.92 3.97
a2 (x lO 2 ) LO. 03 LO. 23 9.47 L0.04 9 .88 9.77 :.0 .12
+• TRAY PLUS DOWNCOMERm secs 6 .42 6.55 6.54 6 . 7 8 6 . 9 0 6 . 8 5 7.37
<4 secs 2 . 5 0 2.56 2.61 2.50 2.54 2 . 6 3 2.91
PE 2 52.95 33.42 32.68 36.72 37.45 35.65 37.23
°E f t / s e c ( x l O 2) • 8.21 7.93 8.12 6.97 6.72 7.11 6.33
R secs 6.06 6.18 6.16 6 .43 6.55 6 . 4 9 6.99
V f t 3 (x lO ) 6 .10 6.22 6.20 6.46 6.59 6.53 7.04
UL f t / s e c ( x lO ) 6.49 6 . 36 6.37 6.15 6.04 6.08 5.65
a2 (x  lO2 ) 6 .81 6 .70 6.87 6.04 5.91 6.24 5.95
TABLE 30 
AIR-WATER SYSTEM 
MIXING STUDY ON LIQUID PHASE 
WEIR HEIGHT-2" LIQUID RATE - 24.95 g a ll/m in
to 325  »
EXPERIMENT 33.1
'
33.2 33.3 33.4 3 3  .r 5 l! I , 6  _
1
33,7-toi
FA
...........
1 .0
'
1 .2 1 .4 1 .6 1 . 8 2 .0 2 .2
TRAY ONLYt m secs 6,89 6.96 6.92 6 . 9 2 6 . 9 1 6.91 6.78
2
a t se c s2 4.42 4.36
,
4 .46 4.51 4,48 4.45 4.39
PE 21.32 22.06 21.34 21.08 21.14 21.32 20.81
de f t / s e c ( x l O 2) 2.97 2.84 2.95 3.00 3.00 2.96 3.10
?L secs 6.30 6 . 3 8 6.33 6.32 6.31 6.32 6 . 1 9
V f t 3 (x lO) h . 2 i 4.26 4.23 4.23 4.22 4.22 4.13
UL f t / s e c ( x lO ) 3 .17 3.13 3.15 3.16 3.17 3.16 3.23
2a (x lO2 ) 11.14 10.71 11 .13 11.29 11.25 11.14 11.46
TRAY PLUS DOWNCOMER
t m secs 9 .03 9.15 8.66 9.22 9.04 8.98 9.23
f t
2secs 5 .58 5 . 6 0 5 . 1 6 5.84 5.63 5.51 5.95
PE 29.09 28.80 28.93 29.03 28.96 29.03 28.54
de
2
f t / s e c ( x l O 2) 6,61 6.59 6.93 6.49 6 ,6  3 6 .6  7 6.59
f t secs 8.45 8.56 8.10 8.63 8.46 8.38 8 . 6 3
V f t 3 (x lO) 5.65 5.72 5.41 5.76 5.66 5 . 6 0 5.76
UL f t / s e c ( x lO ) 4 .61 4.55 4.81 4.52 4 ,61 4.65 4.51
CT2 (x lO 2 ) 7.82 7.91 7.87 7.84 7.86 7.84 7.99
-  326  -  
TABLE 31
AIR-WATER SYSTEM
MIXING STUDY ON LIQUID PHASE
WEIR HEIGHT ~25i LIQUID RATE - 12.48 g a ll/m in
EXPERIMENT
— j
3 + 1 1  3 + 2 34.3 34.4 34.5 3 4 . 6 3 4 . 7
PA
r
1 2 1 .4 1 .6 1 .8 2 ,0 2 .2
TRAY ONLY
t m secs 11.02 11.06 11.21 11.15 11.24 11.23 11.42
4
2secs 12.22 11.99 13.04 12.41 12.63 12.57 12.96
PE 19.69 20.26 19.11 19.87 19.84 19.88 19.96
de f t / s e c ( x l O 2) 2.02 1.96 2.06 1.98 1 .98 1.97 1 .93
e l secs 10.00 1 0 . 0 7 10.15 10.13 LO, 21 10.20 10 . 3 8
V f t 3 (xXO) 3.34 3.36 3.39 3.39 3.42 3.4-1 3.50
UL f t / s e c ( x lO ) 2 .00 1.99 1.97 1.97 1.96 1.96 1.93
2
0 ( x lO 2 ) L2.22 L1.82 L2 .66 L2.09 12.12 L2.08 L2.03
TRAY PLUS DOWNCOMER
t ni secs 14.08 l4 .05 L5.20 L4.97 15.25 L5.55 L 6 . l l
2
%
2secs 14.29 L4.16 16,79 16.21 16.98 17.51 18.86
PE 27.62 27.77 27.41 27.53 27.27 27.50 27.39
de
z
f t / s e c ( x l 0 2) 4 .46 4.45 4,17 4.21 4.17 4.06 3.93
secs 13.13 13 .11 14.17 13.96 14.21 1 4 . 5 0 1 5 . 0 1
V f t 5 (x lO ) 4 .39 4 . 3 8 4.73 4.66 4.75 4 . 8 5 5.01
UL f t / s e c ( x lO ) 2 . 9 6 2.97 2,74 2.78 2 .73 2 . 6 8 2.59
q 2 (x lO 2 ) 8.29 8.24 8 . 3 6 8.32 8.41 8 . 3 3 8.37
-  3 2 7  -
TABLE 32
AIR-WATER SYSTEM
MIXING STUDY ON LIQUID PHASE
WEIR H E I G H T - 5 :t AIR  R A T E - 2 2 4 f t 3 / m i n  F A C T O R - l ,
EXPERIMENT 35 35.2 j 35.3 35.4 35.5
L g a ll/m in  ! 37.6 33.4 29.2 25 .0 20.8TRAY ONLY
V sees 6.84 7.37 8.31 10.09 11 .33
2
° t
2secs 3.71 4.40 5.77 8 .70 11.16
PE 25.05 24.51 23.83 23.25 22.86
de f t / s e e ( x l O 2 ; 2.52 2,40 2.19 1 . 8 5 1.68
h secs 6.33 6 .81 7.67 9.29 10.42
V f t 3 ( x lO ) 6 .38 6.06 5.98 6.20 5.80
UL f t / s e c ( x lO ) 3 . 1 6 2.94 2.61 2.15 1.92
a2 (x lO 2 ) 9 .26 9.49 9 .80 10.08 1 0 . 2 8
TRAY PLUS DOWNCOMER
V secs 9.94 9.90 10.66 1 2 . 2 8 13.39
a t
2secs 5.25 5.47 6.69 9.38 1 1 . 8 0
PE 37.57 35.75 33.88 32.05 30.27
°E
2
f t / s e c ( x l 0 2) 5.22 5.51 5 .40 4.96 4.81
El secs 9.44 9.38 10.07 11.56 12.56
V f t 3 (x lO ) 9 .48 8.36 7.85 7.71 7.00
UL f t / s e c ( x lO ) 4.44 4.46 4.14 3.60 3.30
a2 (x lO 2 ) 5.89 6 .22 6 . 6 0 7.02 7.48
to 3 2 8  ~
TABLE 32 ( c o n t i n u e d )
AIR-WATER SYSTEM
MIXING STUDY ON LIQUID PHASE
WEIR HEI GH T-5 "  AIR R A T E -2 2 4 f t 3 / m i n  PA FACTOR 1 . 0
[ EXPERIMENT 35.6 35.7 35.8 35.9
L g a ll/m in 16.7 12.5 8.4 4.2|
TRAY ONLY
t m secs 14.54 1 8 . 0 2 2 6 . 0 2 5 1 . 6 2
rt2
° t s e c s 2 18.55 28.83 60.39 240.1
PE 22.65 22.37 2 2 . 2 8 22.04
de F t / s e c ( x l 0 2) 1.32 1 . 0 8 0.75 0 . 3 8
5l secs 13.36 16.54 2 3 . 8 8 47.33
V f t 3 (x lO ) 5.95 5.52 5.32 5.35
UL f t / s e c s ( x l O ) 1.50 1 . 2 1 0.84 0.42
(x lO 2 ) 10.39 10.54 10.59 1 0 . 7 2
TRAY PLUS DOWNCOMER
f t secs 1 6 . 1 6 24.28 35.19 69.13
f t
2secs 17.54 40.42 85.45 329.8
PE 29.67 2 9 . 0 6 2 8 . 8 6 2 8 . 8 6
DE 3
2
’t / se e  ( x lO 2) 4.07 2 . 7 6 1 . 9 2 0 . 9 8
f t secs 15.14 2 2 . 7 2 32.91 64 , 65
V f t f t x lO ) 6 .75 7 . 6 0 7.35 7.30
UL f t / s e c ( x lO ) 2 .73 1 . 8 2 1.26 0 .64
a 2 (x lO 2 ) 7.65 7.83 7.89 7.89
-  3 2 9  -
TABLE 3 3
AIR-WATER SYSTEM
MIXING STUDY ON LIQUID PHASE 
WEIR HEIGHT-5" AIR RATE-336f t 3/ a i r  F fl FACTOR-1.5
■tx
1
EXPERIMENT 36.1 36.2 _ 36± 3_ 36.4 3 k i 3 ...
!
L g a ll/m in 37.6 33.4 29.2 25 .0 2 0 , 8
TRAY ONLY
t m secs 6.89 7.41 8.62 9.48 1 1 . 8 3
at s e c s 2 3.75 4.40 6.24 7.71 12.24
PE 55.17 24.81 53.69 23.17 22.71
D t->E
2
f t / s e c ( xlO 2) 2.49 2.35 2.13 1.98 1.62 j
£ secs 6.38 6.86 7.95 8.73
1
LO. 87
V f t 3 ( x lO ) 6 .41 6.13 6.20 5.82 6.05
UL f t / s e c ( x lO ) 3 .13 2.92 2.52 2.29 1.84
a2 (x lO 2 ) 9 .21 9.36 9 .87 10.12 10.36
f
TRAY PLUS DOWNCOMER f
secs 10.08 11.25 11.42
i
12.73 15.77
£1
\
2secs 5.59 6.94 7.42 9.64 15.79
PE 36.23 36.34 35.04 33.51 31.36
de
2 2 
f t / s e c ( x lO 5.34 4,77 5.15 4.57 3.94
e l
secs 9.55 10.66 1 0 . 8 0 12,01 14.82
V f t 3 (x lO ) 9 .60 9.51 8.42 8.02 8.25
UL f t / s e c ( x lO ) 4.38 3.93 4,09 3.47 2.80
a2 (x lO 2 ) 6 .13 6 .11 6.36 6.68 7.19
— 3 30 —
TABLE 33 (con tinu ed )
AIR-WATER SYSTEM
MIXING STUDY ON LIQUID PHASE
WEIR HEIGHT-5" A IR  RATE - 3 3 6 ft3/min PA FACTOR-1.5
EXPERIMENT 36*6 36.7 36.8 36.9
L
----  ■ —
g a ll/m in 16.7 12.5 8.4 4 .2
TRAY ONLY
t m secs 13.32 17.94 26.01 50.83
2 secs^ 15.60 28.72 61.79 234.3
PE 2 2 . 6 1 22.26 21.74 2 1 . 9 0
de
2
f t / s e c ( x l O 2 ) 1.44 1 .10 0 .77 0.39
h
secs 12.24 16.46 23.82 46.58
V f t 3 (x lO ) 5.46 5 .50 5.56 5.26
UL f t / s e c ( x lO ) 1 .63 1.22 0.84 0 .43
a2 (x lO 2 ) 10.41 1 0 . 6 0 10.89 10.80
TRAY PLUS DOWNCOMER
fcm secs 18.17 25.05 35.95 70.39
_2
at se c s 2 21.30 41.68 86.49 532.3
PE 30.90 29.98 2 9 . 7 7 29.70
de
2
f t / s e c ( x lO 2) 3.47 2.60 1 . 8 2 0 .93
jl
UL secs 17.07 23.48 33.69 65.95
V f t 3 (x lO ) 7 . 6 1 7.84 7.85 7.46
UL f t / s e c ( x l 0 ) 2.43 1.76 1 .23 O. 63
a 2 (x lO 2 ) 7.31 7.5 6 7.62 7.64
to 3 3 !  to
TABLE 34 
A IR WATER SYSTEM 
MIXING STUDY ON LIQUID PHASE
WEIR HEIGHT **5“ A IR RATE- 4 4 8 f t3/min PA FACTOR - 2 .0
EXPERIMENT 37.1
"7
37.2 37-3 J lL J L . . I L t i L
L g a ll/m in 37.6 33.4 29.2 2 5 . 0 20.8
TRAY ONLY
t m secs 6.85 7.50 8.63 9.89 11.32
f t
2secs 3.71 4.60 6.32 8.38 11.19
PE 25 . 1 0 24.31 23.42 23.17 22.72
de f t / s e c ( x lO 2 ) 2.51 2.38 2.15 1.90 1.69
^L secs 6.34 6.93 7.95 9.10 10.40
V f t 3 ( x lO ) 6 ,37 6.18 6 .20 6.08 5.79
UL ■'t/sec (x lO ) 3.15 2.89 2.52 2.20 1.92
a2 (x lO 2 ) 9.24 9.58 L0.00 L0.12 :LO. 35
TRAY PLUS DOWNCOMER
t m secs •10.55 10.69 11.94 13.36. 14 .97
at
2secs 5.93 6.18 7.94 10,35 13.60
PE 37.40 36,89 35.80 34.40 32.85
DE "t/sec ( x lO 2) 4.94 4.95 4.56 4.24 3.92
^L secs 10.01 10.14 11.31 12.63 14.11
V f t 3 (x lO ) 10.08 9.05 8.83 8.45 7.85
UL f t / s e c ( x lO ) 4.19 4.13 3.70 3.31 2.95
a 2 (x lO 2 ) 5.92 6.01 6.21 6,49 6.49
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TABLE 34 (con tinu ed )
AIR WATER SYSTEM 
MIXING STUDY ON-LIQUID PHASE 
WEIR HEIGHT “ 5” AIR RATE-448f t 3/rain F A FACTOR-2 .0
E x p e r i m e n t 37-6 37.7 37.8 37.9 1
i
L g a ll/m in 16.7
*-3 g 
C
* 
Cn 
o 
___
_
8 .4
NLY
f
4 .2  II
V secs 14,54 17.19 25.95 4 9 . 3 8
2
at
2secs 10.66 26.41 60.55 222.2
PE 22.50 22.22 22.10 2 1 , 8 0
de
2
f t / s e c ( x l O 2 1.33 1.14 0,76 0 .40
secs 13.35 15.77 23,80 45.231{
f t 3 (x lO ) 5.96 5.26 5.55
I
5 .11 j
1
UL f t / s e c ( x lO ) 1.50 1.27 0.84 0.44
a 2 (x lO 2 ) 10.47
TRA
10.62 
Y PLUS
10,69
DOWNC
10.86
OMER
t m secs 18.76 25.72 36.32 74.92
2
at
2secs 22.31 42.87 86.30 3 6 6 .8
pe 31.44 30.75 30.45 30,49
de f t / s e c ( x l O 2) 3.31 2.47 1.76 0,85
*u»
fcL secs 17.64 24.15 34.08 70.31
V f t 3 ( x lO) 7.86 8.06 7.95 7.95
UL f t / s e c ( x lO ) 2.35 1.72 1.22 0.59
e2 (x lO 2 ) 6.83 7.17 7.35 7.42
-  3 3 3  -
TABLE 35.
AIR-WATER SYSTEM 
MIXING STUDY ON LIQUID PHASE 
WEIR PIEIGHT-5" LIQUID RATE-37.45 ga l  1/m in.
EXPERIMENT
;
3 8 . 1 3 8 , 2 38.3 38.4 38.5 3 8 . 6
----- —j
38.7
1 . 0
1
! . 2 1.4 1 . 6 1 . 8 2 . 0 2 . 2
TRAY ONLY
i
secs 6 .71 6.74 7.14 6 . 6 2 6 . 6 9 6.57 7 . 0 8
V s e c s 2 3*62 3.67 3.91 3.77 3.50 3.41
CO•
PE 24.77 24.60 25.96 23.09 25.43 2 5 . 2 1 26.09
de ffc’^ s e c ( x l 0 2) 2 . 6 0 2 . 6 1 2.33 2.84 2.54 2 . 6 0 2.33
\
secs 6 . 2 1 6.23 6 . 6 3 6 . 0 9 6.20 6.09 6 . 5 8
V f t 3(x lO ) 6 .25 6.26 6.66 6.11 6.24 6.11 6 . 6 2
UL f t / s e c ( x lO ) 3.22 3.21 3.02 3.28 3.23
00OJK\ 3 .04
a 2 ( x lO 2) 9.38
TRAY
9.45
PLUS
8 . 8 9
DOWNCC
10.16
MER
9.10 9.19 8.84
fcm secs 
secs 2
9.92
5.03
9.88
5.14
10.31
5.64
10.49
5.71
10.36.
5 . 8 1
10.57
6.02
10.31
5.59
If
PE 39-06 37.83 37.60 38.44 36.87 37.03 37.91
°E f t ? s e e ( x l O 2) 5 .03 5.22 5.03 4.84 5.11 4.98 4.99
^L secs 9.44 9.38 9.79 9.97 9.83 10.03 9.79
V f t 3(x lO ) 9.49 9.44 9.84 10.01 9*88 10 .10 9.84
UL f t / s e c ( x lO ) 4 .45 4.47 4.28 4.21 4.26 4.18 4.28
a 2 ( x lO 2) 5.64 5 .85 5.88 5.74 6.01 5.98 5.83
-  3 3 4  -
TABLE 3 6 .
AIR-WATER SYSTEM
MIXING STUDY ON LIQUID PHASE
WEIR H EIG H T-5 ” LIQUID R A T E - 2 4 . 9 5  g a l l / m i n .
EXPERIMENT 3 9 > 1
— -—  
3 9 : 2 j 3 9 _ . J _
w " • ] 
3 9 . 4  i 3 9 . 5 . 3  9 , 6 3 9 . 7  j
FA 1 . 0 1 . 2 1 . 4 1 . 6 1 . 8
1
2 . 0 2 .2
TRAY ONLY I
f t secs 1 0 . 1 4 1 0 . 1 6 1 0 . 1 9 1 0 . 5 7 1 0 . 7 5 1 0 . 3 5 1 0 . 6 1
_ 2 0,  t secs 2 8 . 9 8 8 . 3 1 8 . 1 4 9 - 9 9 1 0 . 0 5 9 . 1 5 9 - 7 3
PE 2 2 . 7 3 2 4 . 6 9 2 5 . 3 2 2 2 . 2 2 2 2 . 9 9 2 3 . 2 6 2 2 . 9 9
de f t / s e c ( x l O 2) 1 . 8 9 1 . 7 3 1 . 6 7 1 . 8 5 1 . 7 6 1 . 8 1 1 . 7 8
f t secs 9 * 3 2 9 . 4 0 9 . 4 4 9 . 7 0 9 . 9 2 9 . 5 3 9 - 7 6
V f t 3(x lO ) 6 . 2 3 6 . 2 8 6 . 3 0 6 . 4 8 6 . 6 3 6 . 3 6 6 . 5 3
UL f t / s e c ( x lO ) 2 . 1 5 2 . 1 3 2 . 1 2 2 . 0 6 2 . 0 2 2 . 1 0 2 . 0 5
<yl ( x lO 2) 1 0 . 3 4 9 . 4 1 9 . 1 4 1 0 . 6 2 1 0 . 2 1 1 0 . 0 7 1 0 . 2 1
TRAY PLUS DOWNCOMER
f t secs 1 2 . 2 7 1 2 . 8 9 1 2 . 8 1 1 3 . 0 0 1 3 . 6 2 1 3 . 3 2 1 3 . 7 9
f t 2 s e c s 2 9 . 4 2 9 . 8 7 9 . 8 2 9 . 9 6 1 0 . 2 1 1 0 . 0 0 1 1 . 0 3
PE 3 1 . 8 8 3 3 . 5 4 3 3 . 2 9 3 3 . 8 0 3 6 . 2 5 3 5 . 4 0 3 4 . 3 7
de f t / s e c ( x l 0 2) 4.  99 4 . 5 1 4 . 5 7 4 . 4 4 3 . 9 5 4 . 1 4 4 . 1 2
f t secs 1 1 . 5 5 12.16 12.08 1 2 . 2 7 1 2 . 9 1 12.61 1 3 - 0 3
V f t 3(x lO ) 7 . 7 1 8.12 8 . 0 6 8 . 1 9 8 . 6 4 8 . 4 3 8 . 7 0
UL f t / s e c ( x lO ) 3.60 3 . 4 3 3 . 4 5 3 . 4 0 3 . 2 4 3 . 3 2 3.20
«• 2 a (x lO 2) 7.06 6 . 6 7 6 . 7 3 6.62 6 . 1 3 6 . 2 9 6 . 5 0
-  3 3 5  -
TABLE 37.
AIR-WATER SYSTEM 
MIXING STUDY ON LIQUID PHASE
EXPERIMENT 40.1 .. ' ' 140.2 40.3 40.4
..........  -
40.5 40.6 40.7
. ’ A 1 .0 1 .2 1.4 1 .6 1 .8 2 .0 2.2
TRAY ONLY
secs 18.70 18.28 18.37 18.56 18 * 68 18.56 19.28
s e c s 2 31.92 29.87 30.50 30.45 30.84 31.12 33.67
PE 21.74 22.22 21.98 22.47 22.47 21.98 22.22
de f t / s e c ( x l O 2 > 1 . 0 8 1.07 1 . 0 8 1.04 1.04 1.07 1.02
secs 17.12 16.77 16.84 17.04 17.15 17.01 17.69
V f t 3 (x lO ) 5.72 5.60 5.63 5.69 5.72 5.69 5.90
UL f t / s e c ( x lO ) 1*17 1 .19 1*19 1 .17 1 .17 1 .18 1 .13
a 2 (x lO 2) 10.89 10.62 10*75 10.49 10.49 10.76 10.76
TRA3r PLUS DOWNCOMER
secs 24.74 24.61 25.10 25.53 25.22 25.82 26.11
s e c s 2 42.15 41.19 41.41 42.33 41.96 43.36 4A.17
PE 28.92 29.29 30.32 30.69 30.19 30.64 30.76
de f t / s e c ( x l O 2 > 2.72 2.71 2,56 2.49 2.56 2 : 47 2,43
€l secs 23.14 23.04 23.55 23.97 23.65 24.24 24.52
V f t 3(x lO ) 7 .73 7.69 7.86 8 .00 7.90 8.10 8.20
U L f t / s e c  (x lO ) 1 .79 1.79 1.73 1 .73 1.75 1.71 1.69
a 2 (x lO 2) 7 .87 7.76 7.47 7.37 7.50 7.38 7.35
WEIR HEIGHT - 2 !f AIR RATE-224 f t 5/min
f a - fa cto r  - 1 .0
-  3 3 6  «
TABLE 38
r
L
“
g a ll/m in 37.6 33.4 | 29.2 25 .0 20.8
TRAY ONLY
secs 5.52 5.70 6.08 6.09 7.80
o2 (x lO 2 ) 10.38 10,68 11.01 11.18 11.43
e m , % 25.1 28.2 33.4 38.8 48.0
nl ( x  10) 2,95 3.33 4.18 5.05 6.01
TRAY PLllfS DOWNCOMER
bn secs 6 . 6 7 7.24 0,25 9.03 10.56
a2 (x  102 ) 6 .22 7.07 7.61 7.82 8,07
E I t % 46 .1 47.7 50.0 53.6 60.5
nl (x lO ) 6.16 6 . 6 5 7.15 7.94 9.68
WEIR HEIGHT - 2 ” AIR RATE~224ft5/min 
Fa FACTOR-1 .0
-  3 3 7  -
TABLE 38 ( c o n t i n u e d )
L 1
i
g a ll/m in 1 6 . 7  | 1 2 , 5 8 . 4  | 4 . 2  I
i
1 TRAY ONLY
t m secs 9 . 1 8 1 1 . 1 9 1 5 . 8 7 2 6 , 8 0
2a (x lO 2 ) 1 1 . 6 5 1 1 . 8 4 1 2 . 0 9 1 2 , 3 6
e m l
fa 5 2 . 7 6 3 . 3 7 5 . 0 8 6 . 7
nl
( x lO ) 7 . 8 5 1 0 . 7  '* 1 5 . 1 2 3 . 0
TRAY PLUS DOWNCOMER
t n secs 1 2 . 6 3 1 4 . 0 8 2 0 . 2 3 5 0 , 4 3
a 2 (x lO 2 ) 8 . 1 1 8 . 2 9 8 . 3 8 8 . 4 1
EML % 6 7 . 6 7 4 . 6 8 2 . 9 9 1 . 1
nl (x lO ) 1 1 . 8 1 5 . 3 1 9 . 1 2 6 . 9
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WEIR HEIGHT-2" AIR RATE-336ft3/min P . - FACTOR-1.5
.  _ _
tI
—r
L g a ll/m in 37.6 33.4
1
! 2 9 . 2 2 5 .O 2 0 , 8
TRAY ONLY
fc m
secs 5.42 5.94 6 . 2 1
1
6 . 89 7.28
c2 (x lO 2 ) 10.36
!
10.88 j l l . 10 11.19 11.63
e ml % 31.0 33.7 37.8
\
41.9 49.0
nl (x lO ) 3.79 4.21 U . 89 5.61 6.02
TRAY PLUS DOWNCOMER
t
m
secs 6 .6  7 7.24 18,25
i(
9 .03 10,56
a2 (x lO ) 6.22 7.07
i
7.61 7.82 8 . 07
e ml % 48,3 50.5
[
152.7
i
56.7 62.2
nl (x lO ) 6.75 7.21
j
17.74
1
8.70 10,1
WEIR HEIGHT-2 ” A IR  RATE - 3 3 6 ft3/min F^ FACTOR-1 .5
to 5 3 9
TABLE 39 ( c o n t i n u e d )
L g a ll/m in 16.7 |X2 .5I 3 . 4 . 4 .2
TRAY ONLY i
f t secs 9 .00 11.20 15.89 28.03 I
a 2 (x lO 2 ) 11.88 11.98 12.32 12,49
e ml % 56.9 66.0 76.0 88.0
f t ( x lO ) 0.86 11 .5 15.7 24.3
TRAY PLUS DOWNCOMER
t 111 secs 12.63 14 ,08 20.23 50.43
G ( x lO 2 ) 8.11 8,29 8,38 G.41
e ml % 69.0 75.2 89.1 92 ,0
f t (x lO ) 12.3 15 . 6 24.5 28 .3
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TABLE. 40
WEIR HEIGHT-2" A IR  RATE-448 f t 3/min FAJFACT0R-2.0
r — ..... .
L
;
--------  ,— -----
g a l 1 / m i n , . 3 7 . 6
j
. 3 3 . 4 .  J  2 9 . 2  
T R A Y  O N L Y
. 2 5 . 0
'
2 0 . 8  .
s e c s 5 . 4 3 5 . 8 0 6 . 5 0 7 . 0 3 7 . 5 4
a 2 ( x l O 2 ) 1 0 . 3 6 1 0 . 7 3 1 1 . 1 0 1 1 . 7 6 1 1 . 5 7
e m l
% 3 0 . 2 4 0 . 5 4 2 . 6 4 5 . 1 5 1 . 9
n l
( x l O ) 4 . 9 4 5 . 3 6 5 . 7 4 6 . 2 1 7 . 6 5
T R A Y  P L U S  D O W N C O M E R
t m
s e c s 6 . 8 ? 7 . 9 7 8 . 2 5 9 . 4 0 1 0 . 6 5
c r 2 ( x l O ^ ) 6 . 4 8 7 . 2 8 7 . 6 6 7 . 8 9 8 . 1 6
e m l
rf
5 1 . 4 5 2 . 1 5 5 . 8 5 9 . 4 6 4 . 9
n l
( x l O ) 7 . 4 1 7 . 5 8
________
8 . 4 6  9 * 3 7
L. . L  ---------
1 0 . 9
-  3 4 1  ■
TABLE 4 0  ( c o n t i n u e d )
WEIR H E IG H T -2 "  AIR  R A T E - 4 4 8 f t 3 / m i n  F fl- I A C T O R - 2 . 0
------------
L g a ll/m in 1 6 . 7  | 1 2 . 5 8 . 4 4 . 2
1
TRAY ONLY
;
1!j
secs 9 . 2 5 1 1 . 2 7 1  1 5 . 6 9J
!
i
2 4 . 8 7 '
1
• 2
0 ( x lO 2 ) 1 2  . 0 0 1 2 . 1 1 1 2 . 2 3 1 2 . 5 6
i
e m l
% 6 0 . 4 7 0 . 3 7 9 . 6
1
9 0 . 0
N„
Li
(x lO ) 9 . 0 8 1 3 . 1 1 7 . 7 2 6 . 8  1i
TRAY PLUS DOWNCOMER j
t m secs 1 2 . 3 7 1 5 . 9 0 2 6 . 4 1 5 6  . 3 2 |
. ‘ 2a ( x lO 2 ) 8 . 2 5 8 . 3 7 8 . 4 1 8 . 2 9
E ML tfa 7 0 , 6 7 7 . 9 8 4 . 6 9 3 . 0  j
nl ( x lO ) 1 2 . 9 1 6 . 1 2 0 . 3
!
2 9 . 9  ]
j ________ 1
TABLE 4.1 ' ■ .
WEIR HEIGHT-2K LIQUID RATE - 37.45 g a ll/m in
to 3 k 2
F 1 .0 1 .2, 1 , s . . ” 8 '
2 0
f 
r~" 
i F! Cv!
i
TRAY ONLY i1
f t secs 5.54 5.52 5.65 5.52 5.61 5.53 5 . 4 7  j 1
a2 (x lO 2 ) 10.03 10.23 9.47 i-1 c 0 -tr 9.88 9.77
110,12 |
E ML % 25.1 28.1 30.5 3 2 . 8 32.5 38 . 2 39.0 j
NL ( x lO ) 2.94 3.36 3.71 4.78 3.99 4.94 5.09
TRAY PLUS DOWNCOMER
f t secs 6.42 6.55 6.54 6.70 6 . 9 0 6.85 7.37
a2 (x lO 2 ) c . ca 6.70 6.87 6.04 5.91 6.24 5.95
EMl % 46.1 47.8 47.1 49.6 49.3 51.4 52.5
f t ( x lO ) 6.34 6.66 6,52 7.02 6.95 7.40 7.63
-  3 4 3
TABLE 42.
Weir Height ** 2" L iq u id  ra te  24.95 g a ll/m in .
,^4 - » A ........... n
F a
• 1 .0 1 .2 1 .4 ,1 . 5 1 .8 2 .0 2 .2
1
j TRAY ONLY
t m
\
secs 6.89 6 . 9 6 6 . 9 2 6.92 6.91 6 . 9 1 6.7.6
a 2 ( x lO 2) 11.14 10.71 11.13 11 .29 11.25 11.14 11.46
e ml * ' 38.8 41.1 41.1 43.2 43.5 45.1 46.8
hl (x lO ) 5.06 5.46 5.48 5*85 5.91 6. 22 6.56
t :3AY PLUS DOWItfCOMER
t m seos 9.03 9.15 8.66 9.22 9.04 8 . 9 6 9.23
a 2 (x lO 2) 7.82 7.91 • 7.87 7.84 7.86 7.84 7.99
e ml % 53. 6 54.6 56.2 57.6 59.1 59.4 60.9
(x lO) 7.94 8.17
. i f i
8.88 9-30 9.40 9.77
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TABLE 43.
WEIR HEIGHT - 2” LIQUID RATE - 12,48 g a ll/m in .
Ea 1 .0 1 .2 1 .4 1 .6 1 .8 2 .0
*
2 .2
PRAY ONLY
secs 11.02 11.06 11.21 11.15 11.24 11.23 11.42
a 2 ( x lO 2) 12.22 11.82 12.66 12.09 12,12 1 2 . 0 8 12.03
e ml % 62.3 62,2 6 3 . 8 63.8 64.5 66 . 3 66.2
nl (x lO ) 10.4 10. 3 10.9 10.8 11 .1 11.6 11 .6
TRAY PLU,S DOWNCOMER
t m secs 14,08 14.05 15.20 14.97 15.25 15.55 16.11
o 2 ( x lO 2) 8 . 2 9 8.24 8.36 8.32 8.41 8.33 8.37
EML % 74.6 74.8 75.2 75. 9 75.6 77.0 76.9
NT ( x lO ) 14.5 14.6 14.8 15.1 15 .0 15.7 15.7
-  3 4 5  -
TABLE 4 4 .
WEIR H E IG H T -5 55 AIR RATE -  2 2 4 f t 3 / m i  n
F^-FACTOR -  1 . 0 .
L g a ll/m in 37.6
_ ------]
33.4 29.2 25.0
— —- —j
20.8 j1
TRAY ONLY ti
t m secs 6.84 7.37 8.31 10,09! 11.33i i 1
a 2 ( x lO 2) 9.26 9.49 9. 80 10.08 1 0 . 28 )
e ml % 53.0 56. 8 60.0 63.4 66 .3  j!
NtIj (x lO) 7.84 8.76 9.62 10.3 10.6 j
TRAY PLUS DOWtfCOMER• j
t m secs 9-94 9-90 10.66 12.28 13,391
a 2 ( x iO 2) 5 .89 6.22 6.60 ( .  0 2
|
7 • 48j
e ml t/*> 62.4 66.9 70.5 75.7 78.1 jj
nl (x lO )i 9-92 11 .5 12.7 14.9__-to.
1 6 . 1  j
-  3 4 6  -
TABLE 44. (con tinu ed ) 
WEIR HEIGHT- 511 AIR RATE~224ft3 /m in.
f a - fa c to r - i . o
L g a ll/m in  j l 6 .7i' *12.5
............-8 .4 4.2
TRAY ONLY
t/m secs 14.54 ! l8 .02 2 6 . 0 2 51.62
i a 2 ( x lO 2) 110.39 110.54 10.59 10. 72
EML t/o 70.0 77.8 84.1 91.0
nl ( x lO ) 12.8 16.3 20.3 27 . 6
TRAY PLUS DOWNCOMER
t m secs 16.16 24.28 35.19 6 9 . 1 3
I a 2 (x lO 2) 7.65 7.83 7.89 -0 CD
! E| ML » 84.5 87.6 92.0 9 6 . 1
I ( x lO ) ;20,1 f £ : L j 28 .0 3 7 . 0
“ 3 4 7
TABLE 4g.
WEIR HEIGHT - 5" AIR RATE~336ft3/min.
-FACTOR - 1 . 5
L g a ll/m in 3 7 . 6 3 3 . 4 r2 9 . 2 2 +  0 120,8 i!
TRAY ONLY
\
secs 6.89 7.41 8.62 9.48 | l l . 8 3
a 2 ( x lO 2) 9.21 9.36 9.87 10 .12 10.36
e ml % 53.7 57.6 60.7 63.9 68.0 i
Nl (x lO ) 8,01 8.97 9.81 10.3
I12 .1  |
TRA} : PLUS DOWNCC)MER j
t m secs J—
J 0 0 CO 11 .25 11.42 12.73 1 5 . 7 7 !I
a 2 ( x lO 2) 6 . 1 3 6.11 6,36 6,68 7.19 j
e ml % 6 3 . 1 66 .0 70.1 73.3 7 5 . 9  !j
WL (XlO) 1 0 . 3 11.2 12.6 13.8 15.1u~ . 1
WEIR HEIGHT - 5" AIR RATE- 336 f t 3 /mill 
-FACTOR - 1 . 5
-  3 4 8  -
TABLE 4 5 .  ( c o n t i n u e d )
L g a ll/m in 16.7 (12.5 
TRAY ONLY
8 .4 i4 2n• t- ;
t m secs 13.32 17.94 26,01 50. 83
a 2 (x lO 2) 10,41 1 0 . 6 0 10.89 10.80
e ml % 7108 73.0 84.6 91.8
nl (x lO ) 1 3 . 6 16.5 20.8 28.8
TRAY PLUS DOWNCOMER
f t secs 18.17 |25.05 ! 35.95 70,39
a 2 (x lO 2) 7.31 7.56 7.62 7.64
Ti'“ ML % 83.5 8 5 . 8 90.2 96.0
f t (x lO )is*--- ■ 19.3 21.1 25.5 36.6
-  3 4 9  -
TABLE 4 6 .
WEIR R I G H T - 5 ” AIR R A T E - 4 4 8 f t 3 / m i n  F ^ F A C T O R  2 ,
L
g a ll/m in 37.6
TRAY
33.4
DNLY
------------------------
2 9 . 2 25.0
-- -  **"*j 
20.8 |
j
1
t m secs 6. 85 7.50 8 . 6 3 9.89
111.32
a  2
i
( x lO 2 ) • 9-24 9.58 10.00 10.12
|
10.35]
i
TVML % 54.8 58,0 6 1 . 5 64.5 69.1
Nt
Lt
( x lO )
TR.
8.27 
LY PLlb
9.08 
3 DOWN!
10.1
.
JOMER
10.4 12.5
1
secs 10.55 10.69 11.94 1 3 . 3 6 14.97
a 2 ( x lO 2 ) 5-92 6.01 6.21 6 . 4 9 6.49
e m l
% 62.9 65 • 6 68.5 7 1 . 5 76.1
nl (x lO ) 10.2 11 .1 12.0 1 3 . 1 1 5 . 0
-  3 5 0  -
TABLE 4 6 . ( c o n t i n u e d )
WEIR HEIGHT -5 ” AIR RATE - 4 4 8 f t 3/min. 
FA~FACT0R 2 .0 .
r
L g a ll/m i
—
n
r „------------------
1 6 . 7 1 2 . 5 8 . 4 4 . 2 j
TRAY 0NL1T I
t m secs 1 4 .  54 1 7 . 1 9 2 5 . 9 5 4 9 . 3 8
1 2 O ( x lO 2) 1 0 . 4 7 1 0 . 6 2 1 0 . 6 9 1 0 . 8 6
e ml % 7 2 . 2 7 8 . 2 8 4 .  5 9 2 . 1
nl (x lO) 1 3 .  7 1 6 . 6 2 0 . 7 2 9 . 3 |
I TRAY PLUS DOWNCOMERi
t m
i a 2
secs 
( x lO 2)
I 18.76 
1
| 6 . 8 3
2 5 .7 2 }3 6 .3 2 i7 4 .9 2
j | I
7 . 1 7 !  7 . 3 5 1  7 . 4 2
e ml
nl
%
(x lO )
j 7 9 . 4
! 1 5 . 7  
______  .. .. .
8 3 . 2
19.1
9 0 . 1
2 5 . 3
9 3 . 0  j 
29 . . ;
-  3 5 1  -
TABLE 4 7 .
WEIR HEIGHT ~5' :? LIQUID RATE -  3 7 - 4 5  g a l l / m i n .
f a
.
1 .0 1 .2
TRAY
1 .4
ONLY
1 .6 1 . 8 2 .0
?
2 . 2  ]
|]1
t m secs 6.71 6.74 7.14 6.62 6 . 6 9 6.57 7.03 ;
q2 (x lO 2) 9-38 9.45 8.89 10.16 9.10 9.19 8.84 i
e ml
a;fi 53.2 54.0 55.0 55.0 54.3 55-0 56.0 i:
f t (x lO) 7 .90 7-98 8.29 8-35 8.14 8.31 8.54:
TRAY PLUS DOWNC30MER
ta secs 9.92 9 . 8 8 | 1 0 .31 10.49 10.36 1 0 . 5 7 j 1 0 .31f
a 2 (x lO 2) 5 .64 5 . 8 5 5.88 5.74 6.01 5.98 5.83
EML % 62.4 66.1 63.3 6 3 . 9 62.6 62.9 63.2
f t ( x lO ) 10.1 11 .2 10.4 10.5 10.2 10.3 ... ......... . 10 .3
TABLE 4 8 .
WEIR HEIGHT-5 ” LIQUID R A T E - 2 4 . 9 5  g a l l / m i n .
/
j I
__
__
_ 
...
. 
1
. . .
i . 0 1 .2 1 .4 1 .6  } 1 .8 2 .0 2.2*1l
TRAY ONLY
1
t m secs 10.14 10.16 10.19 10.57 10.75 10.35 10.61
a 2 (x lO 2) 10.34 9.41 9.14 10.62 10.21 10.07 10.21
e ml % 63.4 62.2 63.8 65.1 64.8 64.2 64.5
k l (x lO ) 10.2 10.2 10.7 10.3 10.4 10.4 10.4
TRAY PLUS D ooPSo
fcm secs 12,27 12.89 12.81 13.00 13.62 13.32 13.79
_ 2 a ( x lO 2) 7.06 6 .6  7 6.73 6.62 6.13 6.29 6.50 j
e ml % 75.7 74.1 73.8 73.8 74.3 71.5 72.7
nl ( x lO ) 14.9 14.2 14.0 14.0 14.4 15.0 13 .6  |
-  3 5 3  -
TABLE 4 9 .
WEIR HEIG H T-5 ” LIQUID R A T E - 1 2 . 4 8  g a l l / m i n .
1 I
PA 1 , 0 1 . 2 1 . 4 1 . 6 1 . 8 2 . 0 2 . 2
: TRAY ONLY
s e c s 1 8 . 7 0 1 8 . 2 8 1 8 . 3 7  ( 1 8 . 5 6 1 8 . 6 8 1—
1 OD VJ1 CJs 1 9 . 2 8
o 2 ( x lO 2 ) 1 0 . 89 1 0 . 6 2 1 0 . 7 5 1 0 . 4 9 .1 0 .4 9 1 0 . 7 6 1 0 . 7 6
e ml % 7 7 . 8 7 6 . 7 7 8 . 8 7 8 . 1 7 7 . 2 7 8 . 2 7 8 . 3
N, (x lO ) 1 6 . 4 1 5 . 8 1 6 .  9 1 6 . 5 1 6 . 0 1 6 . 6 1 6 . 6
TRAY PLUS I
*
OWNCOMER
bn s e c s 2 4 . 7 4 2 4 . 6 1 2 5 . 1 0 2 5 . 5 3 2 5 - 2 2 2 5 . 8 2 2 6 . 1 1
o 2 ( x lO 2) 7 . 8 7 7 . 7 6 7 . 4 7 7 . 3 7 7 . 5 0 7 . 3 8 7 . 3 5
e ml
offa 8 7 . 6 8 4 . 4 8 4 . 4 8 2 . 9 8 1 . 8 8 3 . 2 8 0 . 9
nl
( x lO ) 2 2 . 7 2 0 . 1 dO . 0 1 8 . 9 1 8 . 2 1 9 . 1 1 7 . 7
to 3 5 4  „
TABLE 50.
AIR-WATER SYSTEM 
MIXING STUDY ON AIR PHASE 
WEIR HEIGHT-2" AIR RATE 2 2 4 f t 3/min FA FACTOR 1.
EXPERIMENT 4 2 . 1 4 2 . 2 4 2 .  3 4 2 . 4 4 2 . 5
L g a ll/m in 3 7 . 6 3 3 . 4 2 9 . 2 2 5 . 0 2 0 . 8
At secs 1 . 1 9 1 . 7 3 1 . 1 0 1 . 1 6 1 . 0 9
u f t / s e c 1 . 3 3 1 . 4 1 1 . 4 3 1 . 3 6 1 . 4 5
K s e c s 2( x lO 2 ) 1 1 . 5 1 0 . 1 ' 9 . 5 0 8 . 8 0
oC\JCO
PE 2 4 . 7 2 4 . 8 2 5 . 6 3 0 . 7 2 9 . 1
Ift 2f t / s e c ( x l O 2) 8 . 5 0 9 . 0 0 8 . 8 0 7 . 0 0 7 . 8 0
TABLE 50. (con tinu ed )
EXPERIMENT 42.6 42.7
——- -
42.8 42.9
L g a li/m in 16.7 12.5 8 .4 4.2
At secs 1.08 1.05 1.01 1.04
u f t / s e c 1. 47 1.51 1.57 1.53
Acr.2c secs 2( x lO 2) 7 . 50 6.80 6.40 6.20
PE 3 0 . 8 3 2 . 2 31.7 34.62
f t / s e c ( x l O 2) o 1
LA 
j 
C-
i
o=r 
1 
o- 7 . 8 0 7.00
-  3 5 5  -
TABLE 51.
AIR-WATER SYSTEM 
MIXING STUDY ON AIR PHASE 
WEIR HEIGHT-2" A IR RATE 3 3 6 f t 3/min PA FACTOR 1 .5
j ......... r_. . , T
EXPERIMENT 43.1 4-3.2 43.3 43.4 43.5
L g a ll/m in 37.6 33.4 2 9 . 2 2 5 . 0 2 0 . 8
At s e c s . 0 .93 0.91 0.91 0. 85 O. 85
u ft/sec . 1 .69 1 . 74 1.75 1 . 8 6 1 . 8 6
Acrt secs 2( x lO 2) 7 . 6 1  = 6.89 6.15 5 . 6 0 5.07
PE 22.9 23-9 26.4 2 5 . 8 •2 8 . 2
DE f t / s e c ( x l O 2 ' 1 1 .7 11 .5 10.4 11,4 10.4
TABLE 51 ( co n tinued )
EXPERIMENT j 43.6 43.7 43.8 : 4 3 . 9  :
L g a ll/m in 16.7 12.5 8 .4 4.2
At secs 0 .79 0.76 0 .75 0 .73
u f t / s e c 00C\1 2 .08 2.12 2.17
K secs 2( x lO 2) 4, 60 4.42 4.10 3.20
PE 27.1 26.1 27.2 33.1
de
2
f t / s e c ( x l O 2) 11 .7 12.6 12.3 10.4
-  3 5 6  -
TABLE 5 2 .
AIR-WATER SYSTEM
MIXING STUDY ON AIR  PHASE
WEIR H E IG H T -2 "  A IR  R A T E - 4 4 8 f t 3 / m i n .  ? A FACTOR 2 . 0
EXPERIMENT 44 . 1
! °i: 
!
44. 3 44,4 44.5
L g a ll/m in 37.6 33.4 2 9 . 2 2 5 . 0 2 0 . 8
At secs 0 .73 0 . 7 0 0.64 0.64 0 . 6 2
u f t / s e c 2 . 1 6 2.25 2.46 2.47 2.54
A a 2 secs 2 ( x lO 2) 3.51 3.11 2. 71 2.92 2.53
PE 30.5 31.9 30.5 28.3 30.9
+ E .... f t / s e c ( x l O 2] 1 5 . 2 1 1 . 1 12.7 1 3 . 8 13.0
TABLE 52. ( co n t in u ed )
EXPERIMENT 44.6 44.7 44.8 44.9
L
r„.----- _ -------
g a ll/m in 16 '.?' 12.5 8.4 4.2
fI At secs 0 . 6 0 0 . 6 1 0.59 0 .53
u f t / s e c 2 . 6 2 2 , 5 8 2 . 6 6 2 . 9 6
Aat s e c s 2( x lO 2 ) 2 .48 2.19 1 . 8 1 2.03
1 pE 30.4 3 4 .1 39.1 28.5
de
2 2 
f t / s e c ( x lO ) L3 - 6 12 , 0 L0 . 8 16.4
AIR-WATER SYSTEM 
MIXING STUDY ON AIR PHASE 
WEIR HEIGHT-2" LIQUID RATE 37.45 g a ll/m in .
-  3 5 7  -
TABLE 5 3 .
EXPERIMENT
-----
4 5 .1 45.2 45.3 45.4 45-5 45.6 i v l J
Ff a 1 . 0 1 . 2 1 .4 1 . 6 1 . 8 2 . 0
i
2 . 2  \
At secs 1 . 1 9 1.13 0.97 0.92 0 . 8 2 0 . 7 2 0.71
U f t / s e c 1.33 1.40 1.63 1.71 1.94 2.19 2.24
Aot secs 2 ( x lO 2) 1 1 . 8 9.63
•crroCO 6 . 6 2 5.30 3.29 2 . 1 8  |
PE 32.0 2 6 . 6 22.7 2 5 . 8 25.1 31.7 45.3 ij
de
2
f t / s e c ( x l O 2) 6 . 6 0  
——_
8.31 11 .4
___
10.5 
.. ...
1 2 . 2 1 0 . 9 7 . 8 0  j 
...... ..... i
to 3 5 8 -
TABLE 54 
AIR-WATER SYSTEM 
MIXING STUDY ON AIR PHASE 
WEIR HEIGHT-2".L IQ U ID  RATE-24.95 g a ll/m in
EXPERIMENT 46.1
-to-—— —
46.2 46.3 46.4 46.5 46.6 .46.1.,..
PA 1 .0 1 .2 1 .4 1 .6 1 .8 2 .0 2 .2
At secs 1 .12 0 .98 0 .90 0 .83 0 ,71 0 ,69 0 .63
u f t / s e c 1 .41 1 . 6 1 1.76 1.90 2 ,22 ro ro CO 2 .50
Ac?t s e c s 2 (x lO 2 ) 8,71 7.79 6.10 4.50 3.55 3.03 2.64
PE 28,9
VO-=3-OJ 26.4 30.2 20.2 32.0 3 0 . 6
de [ 't/sec ( x lO 2 ) 7.70 10.4 10.5 9 .90 12.4 11 .3 12.9
I
TABLE 55 
AIR-WATER SYSTEM
MIXING STUDY ON AIR PHASE
WEIR HEIGHT-2n LIQUID RATE-12.48 g a ll/m in
~ 3 5 9  -
EXPERIMENT 47.1 47.2 47.3 47.4 47.5 47.6
1
47.7
FA 1 .0 1 .2 1.4 1.6 1 .8 2 .0 2 ,2
At secs 1.05 0.95 0.79 0.7.1 0 .66 0 . 6 1 0.61
u f t / s e c 1.51 1.66 2.01 2.24 2.39 2 , 6 1 2 . 6 1
Aa2 s e c s 2 (x lO 2 ) 6.79 6 ,11 4.40 3.57 2,39 2.30 1.90 1
PE 32,2 29.7 28.0 2 7 . 6 36.3 31.8 38.7
de f t / s e c ( x l O 2 >7.40 8.05 11.4 12.8 10,4 1 3 . 0 10.7
TABLE 56 
AIR-WATER SYSTEM
MIXING STUDY ON AIR PHASE
WEIR HEIGHT-5 ” AIR RA TE-224ft3/min
Fa FACTOR-1 .0
~ 360  -
EXPERIMENT 48 c 1 4 8 , 2 4 8 . 3 4 8 . 4 4 8 . 5
L g a ll/m in 3 7 . 6 3 3 . 4 2 9 . 2 2 5 . 0 2 0 , 8
At secs 1 . 8 5 1 . 8 1 1 . 7 9 1 . 7 9 1 . 7 9
u f  t  / s e c 1 , 0 8 1 . 1 0 1 . 1 2 1 . 1 2 1 . 1 2
secs2 (x lO 2 ) 2 3 . 8 2 2 . 8 2 3 . 9 2 0 . 4 2 0 . 6
PE 2 8 , 8 2 8 . 0 2 6 . 9 3 1 . 4 3 1 . 0
°E
2
f t / s e c ( x l O 2) 7 . 4 8
h 6l f
0roCO 7 . 1 1 7 . 2 1
TABLE 5 6 (con tinu ed )
EXPERIMENT 48.6 48.7 48.8 48.9
L g a ll/m in 1 6 . 7 12.5 8.4 4 .2
At secs 1.76 1.75 1.73 1.71
u f t / s e c 1 .14 1.14 1 .15 1 .17
2Act s e c s '1 ( x lO 2 ) 1 9 . 2 18.5 1 8 . 2 17.9
PE 32.3 33.3 33.0 32 . 6
de
2
f t / s e c ( x l 0 2) 7 . 0 2  L_-----— 6 . 8 6 6.99 7 . 2 0
AIR-WATER SYSTEM
MIXING STUDY ON AIR PHASE
WEIR HEIGHT-5 "  AIR RATS- 3 3 6 f t 3 / min 
F a FACTOR -  1 . 5
-  3 6 1  -
TABLE 5 7
EXPERIMENT 4 9 . 1
«
4 9 , 2 4 9 . 3 4 9 . 4
1
L g a l l / m i n 3 7 . 6 3 3 . 4 2 9 . 2 2 5 . 0 2 0 . 8
At s e c s 1 , 2 4 1 . 2 0 1 . 2 3 1 . 2 1 1 . 1 9
u f t / s e c 1 o 62 1 . 6 7 1 . 6 3 1 . 6 6 1 . 6 0
Aat s e c s 2 ( x l 0 2 ) 1 0 . 6 1 0 . 7 1 0 ,  3 1 1 . 2 9 . 4 0
PE 2 8 . 8 2 6 , 7 2 9 . 3 2 6 . 0 3 0 . 1
de f t / s e c ( x l O 2 ; 1 1 . 2 1 2 . 5 1 1 . 1 C
O 1 1 . 2
TABLE 57 ( c o n t i n u e d )
EXPERIMENT 4 9 . 6 4 9 . 7 4 9 . 8
L g a l l / m i n 1 6 . 7 1 2 . 5 8 . 4 4 . 2  j 
1
At s e c s 1 . 1 8 1 . 1 6 1 . 1 5 1 . 1 3
u f t / s e c 1 . 7 0 1 . 7 2 1 . 7 4 1 . 7 7
p
Ac2 2 2 s e c s  ( x l O  ) 0 . 7 9 8 . 6 3 7 . 6 0 7 . 1 1
PE 3 1 . 5 3 1 . 5
CO-=3-K\ 3 5 . 8
de
2
f t / s e c ( x l O 2 ) 1 0 . 8 1 0 . 9 9 . 9 0 9 . 9 1
AIR-WATER SYSTEM 
MIXING STUDY ON AIR PHASE 
WEIR HEIGHT - 5 ” AIR RATE-448 f t 3/min 
Fa FACTOR - 2 .0
to 362 -
TABLE 58
EXPERIMENT
—  • 
5 0 . 1 5 0 . 2 50.3 50.4 50.5 1
L g a ll/m in 37.6 33.4 2 9 . 2 2 5 , 0 2 0 . 8
At secs 0 . 9 0 0 , 9 2 0.04 0 . 8 6 0 . 0 2
u f t / s e c 2 . 2 2 2 . 1 ? 2.37 2 , 3 3 2.43
pAat s e c s 2 (x lO 2 ) 6 . 7 6 6 . 1 8 5.41 4,57 4.16
PE 24.3 27,5 26.4 3 2 . 0 32.3
D.pL f t / s e c ( x l O 2) 18,3 15.8 1 8 . 0 14,6 15 .0
TABLE 58 (con tinu ed )
EXPERIMENT 5 0 . 6 5 0 , 7 !
1
50 .8  iJ 5 P . iL
L g a ll/m in 1 6 . 7 1 2 . 5 8 . 4 4 . 2
At secs 0 . 80 0 . 7 8 0 . 7 7 0 . 7 1
u f  t  / s e c 2 , 4 9 2 . 5 7 2 . 6 0 2 . 8 4
Ac2t
? p secs (x lO ) 4 . 5 0 3 . 4 4 2 . 9 3 2 . 7 8
PE 2 8 . 6 3 5 . 6 4 0 . 8 3 5 . 5
f t f t 2/sec 1 7 . 4 1 4 . 4 12.8 16.0
- 363 -
TABLE 59 
AIR-WATER SYSTEM
MIXING STUDY ON AIR PHASE
WEIR HEIGHT-5" LIQUID RATE - 37.45 g a ll/m in
EXPERIMENT 5 1 . 1
—---- —■
5 1 . 2 5 1 . 3 5 1 . 4  [ r  .5 1 . 5  15 1 . 6 5 1 . 7  i
FA 1 . 0 1 . 2 1 . 4 1 .6 1 . 8 2 . 0 2 . 2
At s e c s 1 . 8 4 1 . 5 7 1 . 3 6 1 . 1 7 1 . 0 1 0 . 9 1 0 . 7 9
u f t / s e c 1 . 0 9 1 , 2 8 1 . 4 8 1 . 7 1 1 . 9 7 2 . 2 1 2 . 5 5
Aa2 s e c s '1 ( x lO 2 ) 2 4 . 2 1 7 . 8 1 2 . 7 1 0 . 6 7 . 8 7 6 . 6 0 5 . 6 8
PE 2 7 . 9 2 7 . 6 2 9 . 0 2 5 . 7 2 6 . 0 2 4 . 8 2 1 . 7
de
2
f t / s e c ( x l O 2) 7 . 8 2 9 . 2 3 10.2 1 3 . 3 1 5 . 2 1 7 . 8 2 3 . 5  
...—1'» ******
-  3 6 4  -
TABLE 6 0
AIR-WATER SYSTEM
MIXING STUDY ON AIR PHASE
WEIR HEIGHT -  5 st LIQUID R A T E - 24 . 9 5  g a l l / m i n
EXPERIMENT 5 2 . 1 . 5 2 . 2 5 2 . 3 5 2 . 4 5 2 , 5 5 2 . 6 5 2 . 7  j
F 1 . 0 1 . 2 1 . 4 1 . 6 1 . 8 2 . 0 2 . 2
At secs 1 . 6 7 1 . 4 8 1 . 3 0 1 . 1 2 0 . 9 5 0 . 8 5 0 . 7 4
u f t / s e c 1 . 2 0 1 . 3 5 1 . 5 4 1 . 7 9 2 . 1 0 2 . 3 7 2 . 7 1
Aa2 se cs2 (x lO 4-) 2 0 . 4 1 5 . 3 1 1 , 5 8 . 5 3 6.46 5 , 2 3 3 . 9 4
' PE 2 7 . 4 2 8 . 6 2 9 . 4 2 9 . 4 2 7 . 8 2 7 . 5 2 8 . 0
Dg
2
f t / s e c ( x lO 2) 8 . 7 0 9 . 5 1 1 0 . 4 1 2 . 2 1 5 , 1 1 7 . 2 1 9 . 3
to 365  to
TABLE 6-1
AIR-WATER SYSTEM
MIXING STUDY ON AIR PHASE
WEIR HEIGHT-5 H LIQUID R A T E - 1 2 . 4 8  g a l l / m i n
EXPERIMENT
..—- - —1
5 3 . 1 5 3 , 2 5 3 . 3 5 3 . 4 5 3 . 5  : 5 3 . 6 5 3 . 7
A 1 . 0 1 . 2 1 . 4 1 . 6 1 , 8 2 . 0 2 . 2
At 1 . 7 4 1 . 4 3 1 , 2 6 1 . 1 2 0 . 9 1 0 . 8 3 0 , 6 8
u f t / s e c 1 . 1 5 1 , 4 0 1 . 5 9 1 . 7 9 2 . 2 0 2 . 4 1 2 . 9 6
a 2
t s e c s 2 ( x l O 2 ) 1 8 . 6 1 2 . 0 9 . 7 3 7 . 4 7 5 . 0 1 3 . 3 6 2 . 6 2
PE 3 2 . 4 3 1 . 8 3 2 . 5 3 3 . 6 3 2 , 3 4 0 . 4 3 5 . 2
f t
2 2 
f t / s e c ( x l O ) 7 . 1 1 8 . 8 1 9 . 8 1 1 0 . 7 1 3 , 6 1 5 . 9 1 6 . 8  
____ -
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NOMENCLATURE.
a in t e r f a c ia l  a rea  per u n it  volume o f fro th  f t 2/ f t
a constant in  equations 3*16,  3* 45 s 5*1 and 5*8
A defined  in  equation 2.62
A t o t a l  a rea  o f p e rfo ra t io n s  f t 2o
A cro ss  s e c t io n a l area o f tower or downcomerc
c lea ran ce  a re a . f t 2
b constant in  equations 3 * l 6 9 3 .45s 5*1 and 5 .8
B defined  by equation 2.63
B a e ra tio n  fa c to r
B (h ) a e ra tio n  f a c t o r  based on p ressu re  drop data
B (D ) a e ra t io n  fa c to r  based on dynamic lead  data
c constant in  equations 3 . l 6 s 5*1 and 5 .8
c t r a c e r  co n ce n tra tio n a rb it a r y
c ( t ) t r a c e r  co n ce n tra tio n  at time t a rb it a ry
c .i t r a c e r  co n ce n tra tio n  at p o s it io n  i a rb ita r y
CD o r i f i c e  c o e f f ic ie n t
d galvanom eter d e f le c t io n cms
DS eddy d if fu s io n  c o e f f ic ie n t f t 2/sec
EMV Murphree vapour phase e f f i c i e n c y .
e ml Murphree l iq u id  phase e f f i c i e n c y
e og Murphree vapour phase po int e f f ic ie n c y
e ol Murphree l iq u id  phase po in t e f f ic ie n c y
e l Murphree p o in t e f f ic ie n c y  fo r  a l iq u id  
phase c o n tro lle d  system
e g Murphree p o in t e f f ic ie n c y  fo r  a gas 
phase c o n tro lle d  system.
"  3 7 5
f DC fra c t io n  o f the t o t a l  mass t ra n s fe r  
takes p la ce  in  the downcomer.
; th a t
f ( t ) r e a l  tim e* re s id e n ce  time d is t r ib u t io n  fu n c tio n
f ( e ) d im ension less tim e* res id en ce  time 
fu n c tio n
d is t r ib u t io n
+ f r a c t io n a l  degree o f m ix in g , equation 2.44
PA a i r  flo w  fa c to r ( l b / f t  s e c 2) 1
e a c c e le ra t io n  due to  g ra v ity f t / s e c 2
Q gas flow  ra te lb / h r .
f t molar gas flo w  ra te m oles/hr
h w e ir  he igh t in  equation 2.48 f t .
h p ressu re  drop acro ss o r i f i c e i n s .  w ater
hBU p ressu re  b u ild  up* equation 2.28 in s .  w ater
hDP dry p la te  p ressu re  drop. i n s .  w ater
hp head lo s s  through fro th in g  l iq u id i n s .  w ater
hL l iq u id  hold up* equation 2.58 i n s . l iq u id
ho c le a r  l iq u id  h e ig h t*  equation 2 . 6 0 i n s .  l iq u id
hR re s id u a l p re ssu re  drop. in s .  w ater
hT t o t a l  p re ssu re  drop. i n s ,  w ater
hUF underflow  p ressu re  drop. i n s .  w ater
I de fined  by equation 3,14 ■
I l ig h t  in t e n s it y a rb it a r y
j s p e c i f ic  g ra v it y  o f l iq u id l b / f t 3
k constan t* equations 2.60* 5*2 and 5 .8
k f r a c t io n  o f t r a y  th a t i s  com plete ly
mlxedft. equation 2.61
f t
l iq u id  phase mass t r a n s fe r  c o e f f ic ie n t  f t / s e c
gas phase mass t r a n s fe r  c o e f f ic ie n t  
de fined  by equation 3 . 2 9  
leng th  in  d ire c t io n  o f f lu id  t r a v e l  
l iq u id  flo w  ra te
c le a r  l iq u id  he ig h t in  downcomer 
molar l iq u id  flo w  ra te  
e f f e c t i v e  w e ir  leng th  
fro th  he igh t
g rad ien t o f e q u ilib r iu m  l in e  
l iq u id  momentum
number o f com plete ly mixed pools 
number o f mass t r a n s fe r  u n its  based 
on gas f i lm  c o n tro lle d  system 
number o f mass t r a n s fe r  u n its  based 
on l iq u id  f i lm  c o n tro lle d  system, 
number o f mass t r a n s fe r  u n its  based 
o v e r a l l  gas f i lm , 
number o f mass t r a n s fe r  u n its  based 
o v e r a l l  l iq u id  f i lm ,  
de fined  by equation 2 . 5 6  
P e c le t number fo r  l iq u id  phase. 
P e c le t number fo r  gas phase, 
l iq u id  flow  r a t e 3 equation 7,12 
gas flo w  r a t e s equation 6 .1  
P la te  fre e  area
number o f com plete ly mixed pools 
submergences equation 7»15 
Schmidt number
f t / s e c  
f t .
g a ll/m in  
i n s ,  w ater 
m o le s/h r.
j. G .
f t .
l b , f t / s e c .
on
on
g a ll/m in  
f t 3/min 
f t 2
f t .  l iq u id
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t n vapour phase re s id en ce  time secsu
t^ l iq u id  phase re s id en ce  time secs
t  mean o f d im ensio n less response curvem
t mean re s id e n ce  time secs
t .  mean re s id e n ce  tim e at po in t i  secs1
t j  mean re s id en ce  tim e c f  l iq u id  phase secs
T tim e secs
u s u p e r f ic ia l  gas v e l o c i t y , equation 2.59 f t / s e c
u mean a x ia l  gas v e l o c i t y , equation 7*46 f t / s e c
Uq gas v e l o c i t y  based on bubbling area  f t / s e c
uT l iq u id  v e lo c it y  based on hold up f t / s e cLi
t  a g e  o f  a  f l u i d  e l e m e n t  s e c s
V volume flo w  ra te  ft/m in
v q v e lo c it y  o f gas through p e rfo ra t io n s  f t /sec
V a c t iv e  volume f t 3
V„ v e lo c it y  o f gas through p e rfo ra t io n s  f t / s e crl
Vg v e lo c it y  o f gas based on tower flo w
area f t / s e c .
W w e ir he ig h t inches
WT s p e c i f ic  g ra v it y  o f l iq u id  l b / f t 3
Li
x d is ta n ce  f t .
x mole f r a c t io n  o f so lu te  in  l iq u id  phase
y mole f r a c t io n  o f so lu te  in  vapour phase
Y f r a c t io n a l  gas hold up, equation 2.60
z d is ta n c e , chap ter 3 f t .
z de fined  by equation 2.57
Zg c le a r  l iq u id  he ig h t or s t a t i c  head f t .
Zq (D) s t a t i c  head or l iq u id  hold up based on
dynamic head d a ta . f t  or f t 3
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ZC ( F ) S t a t i c  h e a d  o r  l i q u i d  h o l d  u p  b a s e d o n
F r a n c i s  f o r m u l a f t  o r  f t 3
Zc ( h ) s t a t i c  h e a d  o r  l i q u i d  h o l d  up  b a s e d on
p r e s s u r e  d r o p  d a t a f t  o r  f t 3
z c ( t ) l i q u i d  h o l d  u p  b a s e d  o n  r e s i d e n c e
t i m e  d a t a f t  o r  f t 3
ZD d y n a m i c  h e a d
i n s .  w a t e r
ZDBZ m e a n  d y n a m i c  h e a d  i n  t h e  b u b b l i n g
z o n e i n s .  w a t e r
ZDC d i s t a n c e  b e t w e e n  t r a y s f t .
ZDLP d y n a m i c  h e a d  on  l o w e r  p l a t e i n s .  w a t e r
ZDW'T m e a n  d y n a m i c  h e a d  o f  w h o l e  t r a y
i n s .  w a t e r
Zi c l e a r  l i q u i d  h e i g h t , e q u a t i o n  2 . 1 1
f t .
z f f r o t h  h e i g h t  o n  t r a y i n c h e s
ZfDC f r o t h  h e i g h t  i n  d o w n c o m e r i n c h e s
ZM a i r  m omentum  h e a d i n s . w a t e r
ZQ t r a y  l e n g t h ,  e q u a t i o n  2 . 4 5 f t .
Z0W l i q u i d  c r e s t  o v e r  w e i r
i n c h e s .
to 3 7 9  „
GREEK LETTERS.
a c o n s t a n t  i n  e q u a t i o n  2 . 6 7
3
Y
a s  d e f i n e d  s e p a r a t e l y  i n  e q u a t i o n s  2 . 4 7 *  2, 
2 . 6 4  a n d  2 . 6 7  
c o n s t a n t  i n  e q u a t i o n  2 . 6 7
A d i f f e r e n c e  i n
Tl a s  d e f i n e d  i n  e q u a t i o n  2 . 5 2
e a s  d e f i n e d  i n  e q u a t i o n  2 . 4 6
6 d i m e n s i o n l e s s  t i m e
A a s  d e f i n e d  b y  e q u a t i o n  2 . 3 2
y L l i q u i d  v i s c o s i t y
l b  / f t
PG g a s  d e n s i t y
l b / f t
PL l i q u i d  d e n s i t y l b / f t
a s u r f a c e  t e n s i o n d y n e s
a 2 d i m e n s i o n l e s s  v a r i a n c e
V t i m e  b a s e d  v a r i a n c e s e c s 2
T m e a n  r e s i d e n c e  t i m e  o f  l i q u i d s e c s
♦ d e f i n e d  i n  c h a p t e r  3
♦ f r o t h  d e n s i t y  f a c t o r
♦ m e a n  o f  d i m e n s i o n l e s s  r e s p o n s e ■ c u r v e
♦ ( h )
♦ (D)
f r o t h  d e n s i t y  f a c t o r  b a s e d  on  
d r o p  d a t a ,  
f r o t h  d e n s i t y  f a c t o r  b a s e d  on
p r e s s u r e
d y n a m i c
h e a d  d a t a .
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